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Abstract

The deep space satellite tracking network presently in
operation is not capable of providing enough observations to
monitor all deep space satellites at optimum levels
currency. The major reason for this deficiency 1is the
reliance upon the five BEODSS sensors for the bulk of the
observations. All though only three of the five sites are
presently in operation, the three in operation are only
capable of providing 40%4 of their maximum tracking
capacities. Because the GEODSS sensors are optical, they
are limited to operation only during darkness and clear
skies. If we assume that this 40% of maximum is to
continue, the addition of the last two GEODSS sensors will
only maintain the present capabilities since the Baker-Nunn
cameras are scheduled to be shut down when the last two
GEODSS sites are operational.

As a tool used for the above analysis, a computer
program was developed using Fortran 77 1language. The
program uses as inputsy the distribution of synchronous
satellites, total deep space satellite size, sensor
locations and sensor visibility 1limits, The program
determines the number of satellites visible to each
individual sensor, the number of tracks required for each
sensor, identifies areas of overlapping coverage between
adjacent sensors, and the number of satellites within the

areas of overlapping coverage.
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CHAPTER 1

INTRODUCTION
Background

As the former Chief of the Deep Space Operations shop
in the Cheyenne Mountain Complex in Colorado Springs, I
became aware of many weaknesses in the mission of deep space
satellite tracking. I would like to focus my attention in
this thesis on the capabilities of the United States to
track deep space satellites. Where are our weaknesses in
performing this mission? What have we done to alleviate the
problem? What more do we have to do? What will be the
impact of acquiring new sensor systems? I will restrict
myself to the discussion aof tracking deep space satellites
since this is the area I perceived as most vulnerable as far
as the ability of the United States to detect and track
satellites representing a threat to U.S. satellite assets.

Deep space satellites present a more difficult problem
in terms of catalog maintainence because many of the
satellite orbits are out of range or at the very limits of
our present tracking capabilities. Because of their slow
angular motion relative to near earth satellites, deep space
zsatellites are observed by fewer sensors which means that
their orbits must be calculated with less data.

The geosynchronous satellite is unique because of its
apparent stationary position over a predetermined point over
the equator. This position enables constant coverage over
approximately one third of the earths surface. Conversely,

the satellite can be seen only by those sensors in the same
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third of the earth’s surface., Our ability to maintain
accurate positional data on a synchronous satellite ics
therefore, a function of the longitudinal subpoint of the
satellite and the sensors in that third of the world.

The need to maintain accurate orbital data is generated
by many requirements. The mast critical requirement is the
nrevention of loss of use of satellites which support
military functions. The most general requirement is
generated by the Space Command?’s mission +to track and
maintain orbital data on all man-made satellites. With the
increased use of the synchronous orbit this task has become
increacingly difficult. Since the Soviets also use
synchronous satellites, our ability to adeguately tra .-
these satellites has become more urgent. The increased use
o2f the synchronous orbit has generated a potential of
satellite to satellite interference or physical collision
hetween two satellites. Studies by Dr Chobotov and Hechler
have shown that probabilities of this occurance are on the

-— -7
order of 10 ® to 10 l per year (1,38; 32,3461). Our ability
to predict potential collision situations i€ limited to
regions of adequate sensor coverage. Even in regions where

sensor coverage is adequate, uncertainty remains due to

inacurracies of the sensors themselves.

The problem is complicated by the rapid growth of the :

R

deep space population. Sensors are becoming overwhelmed with o
routine tracking responsiblities which reduces the tracking 4“?']

time per satellite. The result ic reduced overall guality of




deep space satellite catalog maintenance. Fresent deep
space satellite tracking is handled by a system of three
GEODSS sensors, three deep space radars, three Baker-Nunn
cameras and some near earth tadars.

A number of options are available to enhance the deep
space sensor network i1in  preparation for the continued
satellite population growth., They includes

1) Addition of GEODSS 4 AND S

2) Spaced-Rased Surveillance System (SESS)

) Two new Haystaclk radars

4) C-Band Radar upgrades
This research effort will consider only ground based
BENSOrs. Specifications on the different sensors will be

furnished by Space Command.

Current Deep Space Sensors

Observations on the deep space satellites are provided
by four sources - optical sensors, electro-optical sensors,
radar sensors, and contributing ocutsides agencies.

The optical sensors are the Raker—-Nunn cameras, which
are the oldest cameras presently in service to track deep
space satellites. The first production model was deployed

-

on T October, 1957, the day before Sputnik I was launched.

They are essentially cameras attached to powerful telescopes
which can photograph a satellite reflecting sunlight against .ifﬁ
a star background. The location of the satellite can be

determined by measuring the satellites positions relative to
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Z45 degrees east longitude to A% degrees east longitude.
Using the above procedure, the border satellites are
determined to be 251 and 28. Next, the problem is segmented
into determining the number of satellites between 3435
degrees east longitude and © degrees longitude, and ©
degrees longitude to 45 degrees longitude. In the first
segment the maximum number of synchronous satellites is
known (variable mausat) so the number of visible satellites
is maxsat minus 251 plus 1 or 264 - 251 + 1 = 14, In the
second segment, the number of visible satellites is the
value of tne upper border limit satellite or in this case
25. The total number of satellites visible to this
arbitrary sensor is then 14 + 25 = 29, The above procedures
are repeated Ffor each sensor and the number of visible

synchronous satellites are stored in the array "vissat".

Subroutine SYNCTR

This subroutine will calculate the number of tracks
required for the synchronous satellites visible to each
sSensor. The deep space satellites are divided into two
categories. Category I contains those satellites which are
of high interest and therefore require at a minimum two
tracks per pass or shooting period. Category 11 contains
those routine satellites which require only one track per
pass or shooting period. The term shooting period is
defined as the amount of time of sensor operation per 24

hour period.
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For this program, a satellite sequence number escheme
will be used to determine the number of synchronous
satellites within the sensor visibility limits,. Each
satellite subpoint was given a sequential number starting at
1 for the first satellite east of zero degrees longitude and
ending at 264 for the last satellite east of =zero degrees
longi tude. The calculation of the number of visible
synchronous satellites becomes a =imple subtraction of the
lower limit border satellite number (subpoint position which
is farthest west) from the upper limit border satellite
number (subpoint position which is farthest east).

For example, consider an arbitrary sensor which has
visibility 1limits of 10 degrees east to B0 degrees east.
Refering to the satellite distribution file (Appendix ©C),
the satellite sequential number corresponding to 10 degrees
is 9 and the satellite sequential number coresponding to 80
degrees is 65. The number 5 was determined as follows. The
program looks at the longitude values within the satellite
file and picks the smallest satellite number whose
corresponding longitude is greater than or equal to 10
degrees east longitude. Similiarly., in determining the
value of 465 the program picks the largest satellite number
whose longitude is less than or equal to B0 degrees east
longitude.To calculate the number of visible satellites we
merely subtract S from 6% and add 1 to get 61.

The process is a little more complicated for a sensor
whose visibility limits straddle zero degrees, Take for

example another arbitrary sensor whose visibility limits are

11-6
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Subroutine SYNVIS

Subroutine Synvis will determine the number of
synchronous satellites visible to each of the deep space
sensors. The first step is to aséign to variable "lwlim"
the value of the lower synchronous longitudinal visibility
limit contained in the sensor file. This value represents
the 1longitudinal subpoint of the most western synchronous
satellite visible to this sensor. Next, variable "uplim" is
assigned the value of the upper synchronous longitudinal
vigibility 1limit contained in the sensor file. This value
represents the subpoint of the most eastern synchronous
satellite visible to this sensor.

The next task is to determine the sychronous satellites
which are closest to the longitudinal visibility 1limits
without going beyond the limits., Once the border satellites
have been determined, the subroutine will then calculate the
number of synchronous satellites which lie between the two
border satellites. The result will be the number of
synchronous satellites which are visible to that particular
sensor, Because the distribution of synchronous satellites

is not uniform, the number of visible satellites will vary

depending on the location of the sensor as well as the size

of the synchronous visibility limits. The actual logic ’ﬁfﬁi
used to determine the number of visible satellites is rather f-fﬂ
simple. The synchronous satellite file contains the

longitudinal subpoint of the actual satellite distribution

as of 30 July 1984 (Appendix C-1). :;33
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results of the preceding subroutines to calculate the total
number of tracks required for all of the deep space
satellites. Since the individual workloads of the sensors
will vary depending on geographic locations, subroutine
"wordis" determines what the worklgad is for each individual
deep space sensor. In order to be able to shift workloads
from oaverloaded sensors to sensors with less loading it ic
necessary to determine how many satellites are within
coverage of more than one sensor. Subroutine "ovrlap" does
this task. Finally, subroutine "print" will consolidate the

results of the entire program and print them.

Main Module
The pregram begins by first reading in the data file.

As a check of the reading process the program can, at users
option, print the data it bhas read. After completion of the
reading process, the program will call the fallowing
subroutines;

1. synvie

2. synctr
T nsynvi

4. nsyntr

S. todstr

6. wordis

7. ovrlap

. print
In the following sections the functions of each of the

subroutines will be described.
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contains the following information.

1. The number of deep space sensors
2. The maximum number of deep space satellites
Z. Total number of non-synchronous satellites
4. A list of all synchronous satellites and their
respective longitudinal position. This list
is ordered by longitude starting at © and
going east to T60 degrees longitude.
S. A table of all the deep space sensors along
with the following information;
A. sensor number
B. sensor location
C. synchronous longitudinal visibility
D. maximum tracking capacity
Frogram Structure
The program consists of a main module and 8 subroutines.
The main module serves the purpose of reading in the data
files and calling the subsequent subroutines. Subroutine
"synvis" determines the number of synchronous satellites
visible +to each of the deep space sensors. Base on the
results of "synvis", subroutine "synctr"” will calculate the
number of tracks required for each sensor on synchronous
satellites. Subroutine "nsnvi" determines the number of
non-synchronous satellites visible to each of the deep space
Sensors. Subroutine "nsyntr" follows and calculates the
number of tracks required for each sensor on the non-

synchronous satellites. Subroutine "todstr" combines the




METHODOLOLGY

This simulation model will be developed using Fortran
77. The model will incorporate the geaographical location of
present sensors and future sensors. Workload capabilities
will be calculated as is done with NORAD's deep space
tasking program. For example, each sensor is tasked a
maximum of 1Q tracks per hour of operation. Tracking
requirements will be determined by placing satellites in one
of two categories. Category 1 will consist of those high
interest satellites which require quality orbit predictions
and therefore more chservations per satellite. Category 2
will consist of the rest of the satellites whose orbits are
fairly stable and require minimal tracking. The summation
of these two requirements for the two satellite categories
will generate the total track requirement for the entire
deep space networlk. The remaining task will be ¢to
distribute the total track requirement realistically to the
various geographic locations of the present sensors and
proposed sensors. It is assumed that all sensors have eqgual
vigibility of the non-synchronous satellites. This
assumption was made because the precession of these
satellites will eventually place them in view of all of the

sensors at some time.

FROGRAM DEVEL OFMENT
The operation of this program will be explained by
simulating an actual run of the program through one cycle.

To begin with a data file must be created. The data <file
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CHAPTER 2

METHODOLOGY /FROGRAM DEVELOPMENT
INTRODUCTION
The general approach to this thesis effort was to
generate a Fortran program which would use the following
information as inputs:

1) Sensor locations and limits (synchronous
visibility limits)

2) Sensor maximum tracking capacities (tracks per
day?

Z) The distribution of the geosynchronous
satellite population (longitudinal subpoints?

4) The percentage of deosynchronous satellites
which fall into the catagory of high interest
or high priority satellites

S) The number of deep space satellites which are
not geosynchronous

6) The percentage of non—-geosynchronous satellites
which fall into the category of high interest
or high priority satellites

Given the above inputs the program cutput should show how
the deep space tracking workload is distributed among the
input sensors. It will also indicate if the workload ics
within the tracking capacity of each individual sensor.

The program will allow as variables, the numbe- of
sensors, the location of the sensors, the tracking capacity
of the sensors, and visibility limits of the sensors. In

addition the population of satellites may be varied as well

as the distribution of the synchronous satellites.

I1-1
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vulnerable to a collision with an unknown or unobserved.
satellite. To date, there is no indication that any work
has been done to develop a model of the deep space tracking
networlk in order to anticipate the demands and requirements
of the future and thereby have a quantitative analysis of

performance of proposed improvements.,




DY

4) Evaluate some improvements to the deep space
networl.

SCOPE

This research will be based mainly on information
derived from the current deep space population. Estimates
will be made on future requirements in terms of accuracy
requirements and deep space satellite population growth. As
mentioned earlier, only ground based sensors will be
considered in this model.

For this thesis, the range for the number of sensors
will be limited to 12 or two more sensors than what is
presently in operation. The actual type of sensor or type
of observation an individual sensor will generate will not
affect the results of this program since these are not

inputs to the program.

Literature Review
To date my literature search has shown that there is
concern about the increasing satellite population and our
ability to monitor all objects in orbit about the earth
(1,38; T.2b1: 4,7073 7,249; B8B,410). Frobabilities of
collisions have been calculated. To decrease the
probability of collision, satellites are being designed to

be removed from conjested areas when their mission has been

completed. Satellites are alsa being designed to
consolidate a number of missions into one satellite.
Inadequate tracking increases the potential of losing

satellites resulting in a situation where a satellite may be
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will the addition of new sensors improve the capability to

track all required satellites? How will the location of the
new sensors impact the tracking capability”? The last two
GEODSS sensors are to be located at Diegao Garcia and at a
location in Portugal. Will these sensors alone resolve the
problem of tracking deep space satellites? If so can an
estimate be made as to how the deep space tracking network
will fair in the next century? Can we predict our tracking
requirements based on projected deep space satellite
population growth? The GEODSS sensors are suppose to
replace the aging Baker-Nunn sensors. However, should the
Baker—-Nunns be shutdown or should they be used to help

maintain currency to the deep space satellite catelog?

Research Question
Can a Fortran program be designed to evaluate the

effectiveness of proposed sensor additions and improvements?

Objectives
The overall objective of this research is to develop a
Fortran model which can be used to provide a quantitative
analysis of proposed deep space satellite tracking networks.
Specific subob jectives are:

1) To find a method for estimating the required
number of tracks or observations necessary for
total population monitoring.

2) To find a method for estimating the reguired
number of tracks or observations necessary for
high quality data generation.

) To find a method for determining geographic
locations which would best accomplish

-~

subob jectives 1 and 2.




shown to be able to fulfill this need, Pirincilik, however,
has yet to demonstrate its ability to meet this requirement.

The final category of sensors are actually near-earth
sensors which are able to track those deep space satellites
which pass within the range of the near earth sensors. The
satellites are generally those in highly eccentric orbits
whose perigee heights are below 1000 km. The quantity of
data available from these sensors is minimal but because of
the radar type observations, they are very valuable. Some
of the near earth sensors which provide this type of support
are Eglin, NAVSPFASUR, and the FAVE PAWS sites at DOtis and

Beale.

Froblem Statement

The growing deep space satellite population has
generated concern on the ability of the United States to
monitor all of the satellites and to provide quality elsets
on a select few .

The qguestion which drives this research effort is how
sensor additions or improvements will affect the mission of
tracking deep space satellites. Fresently, a tasking
program in Cheyenne Mountain (DSTASE) generates the
requirements for data collection for each individual
satellite and then assigns the satellite to sensors for
tracking. Because of limited tracking time many sensors are
unable to track all satellites that are assigned tao them.

Hence the lower priority satellites are not tracked. How

.................
................
...............
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.................................




Resides the GEODSS sensors, there are two other
electro-optical sensors which provide tracking support for
NORAD. The Air Force Eastern Test Range (AFETR) Range ()
Measurements LLaboratory (RML}) is located in Malibar, ii:{f

Florida. Like GEODSS, Malibar uses a 48 inch telescope with

a television camera to detect and track satellites. The
Malabar sensor 1is not funded for NORAD zupport <cince its
research and development nature is not optimally suited to
the spacetrack mission. However, Malabar has demonstrated ()
the capability to suppport NORAD with satellite observations

on selected deep space events.

AMOS Maui is another electro-optical sensor with unique bi )
capabilities. Located on Maui in the Hawaiian Islands, it j; 25
is designed to be a multi-purpose sensor with several }gzjt
missions. PBesides gathering deep space metric data, its ;;;;;

measurements systems will include multicolor infrared

radiometry, laser illumination and ranging, direct film and

TV imaging, and interferometry.

The third group of deep space sensors are catagorised
as deep space radars. They are located at Millstone Hill,
Mass.; Altairy and Pirincilik, Turkey. Radar operations ‘ t
have the distinct advantage of not being affected by
weather, darkness, or moon conditions. However, because of
their narrow beams they have limited search capabilities. (]

FRadars can also provide range information which optical

sensors are unable to provide, The intent of the three
radars was to fill the requirement for 24 hour coverage of >

deep space satellites. Millstone and Altair have already




way to the moon, a distance of 180,000 km.

The successor to the Baker—-Nunn cameras is the family
of electra-optical sensors. All but two belong ta the
Ground BRased Electro-Optical Deep Space Sensor System
(GEODSS) .

The GEODSS telescope is steered by a computer. During
satellite acquisition, the satellite along with the star
background appears before an operator on & TV monitor.
Observations may then be initiated by the operator in the
manual mode. In the automatic mode, observations will be
taken automatically. If a satellite is not immediately
found, a search mode can be initiated about the expected
position. The search may utilize all three telescopes and
utilize acquisition aids such as different telescope field
of view, & Moving Target Indicator(MTI), or a target signal
integrator. Under normal conditions the three telescopes
operate independent of e=ach other thereby giving the GEODSS
site the potential of gathering I times the data of a BRaker-
Nunn sensor. Automation of data collection has enabled real
time satellite observation collection as well as real time
transmission of data to NORAD.

There are presently three operational GEODSS sites.
They are located at Scccoro, New Mexicoy; Mauwi, Hawaii; and
Tagu, FKorea. Two additional GEODSE sensors are planned for
Diego Garcia in the Indian Ocean and southern Partugal.,

The last two sites are expected to be operational by 1988,
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- the known position of the stars.

The advantages of the Baker-Nunn cameras are as

-
b' follows:

- 1. Observations can be made on objects which are out

- of range of radars as long as the objects are illuminated.

2. The PRaker—-Nunn site is much less expensive to
operate than a radar site or electro—optical site.

- Z. Baker—Nunn cameras have excellant search
capabilities because of their large field of view which
spans 5 degrees in width and 30 degrees in length.

4. The camera can provide accurate satellite
positional data, within 225-20 seconds of arc with field
reduction, and 2-4 seconds of arc with precieion reduction.

The two main disadvantages are limited operations and
nan—-real time data transmission. The limited operations are
due to the fact that optical sites require darkness,
satellite illumination, and clear skies. The non-real time
is due to the need to process photographic film and manually
reduce the film to produce satellite observations.

In spite of their limitations, the Haker-Nunn cameras
have demonstrated some amazing capabilities., They routinely

- - make satellite opbservations of satellites such as the Soviet

Molniya satellite at its farthest point from earth,

; approximately 40,000 km. A Baker—-Nunn was also able to
S

ﬂL track Yanguard I, a é~inch spherical satellite at a height
- of 2400 miles. This is equivalent to photographing a shiny

20 caliber bullet in flight at a distance of 200 miles. The

Baker—-Nunns were also able to track anm Apollo mission half-
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Since this program does nat look at individual
satellites this division is simplified by taking a
percentage of the total visible satellites as high interest
and the rest as Category 11. The percentage used in this
program was determined by examination of the actual tasking
program used by NORAD and evaluating the sensor workload
division of high interest and routine satellites.
Tracking requirements for synchronous satellites per sensor
is determined by multiplying the number of visible
satellites by the percentage of high interest satellites.
The high interest satellites are then multiplied by two
since these_require two tracks per pass at a minimum. The -
remainder of the satellites require only one track per pass.
The two tracking determinations are added together for the

combined track requirement for synchronous satellites per

sSensor. This procedure is repeated for each sensor and the
respective track requirement 1is stored in the arvay
“"totstr".,

The last step for this subroutine is to calculate the
total track requirement for the total population of
synchronous satellites. This is calculated by summing the
values of each individual sensor track requirement for
synchronous satellites. The s=zum is then stored in the
variable “wortr". Note that this sum for the number of
tracks required on all synchronous satellites does not take
into account that some of the satellites are visible to more
than one sensor. Therefore, many satellites may receive

more than the minimum amount of tracks. To determine the
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absolute minimum number of tracks required for all of the
synchronous satellites, a strictly percentage calculation
was done on the total synchronous satellite population.
Since it was determined that the 20% of the synchronous
satellites fell into the high interest category, the
calculated number of high interest synchronous satellites
was multiplied by two and added to the number of routine
sychronous satellites to yield the estimated minimum amount
of tracks necessary for all of the synchronous satellites.

This value was then stored in the variable "syntot".

Subroutine NSYVIS

This subroutine calculates the number of non-
synchronous satellites visible to each sensor. As discussed
earlier, it is assumed that the total population of non-
synchronous satellites are uniformly distributed about the
earth, hence all sensors see an equal amount of non-
synchronous satellites and the tracking workload can be
distributed evenly among the sensors. With this assumption,
the determination of the number of visible non-synchronous
satellites is a simple matter of dividing the number of non-
synchronous satellites by the number of sensors. This

number is then store in the variable '"nsyvis".
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Subroutine NSYNTR

This subroutine calculates the number of tracks
required for the non-synchronaue <atellites visible to each
Sensor. Since each sensor has the same number of non-
synchronous satellites visible to it this calculation is the
same for all sensors. The same procedure that was used in
subroutine ‘“synctr"” to determine the trackirg requirement
for the synchronous satellites is also used here. The same
percentage of high interest satellites is used as well as
the same percentage of routine satellites. Two tracks are
required for the high interest satellites and only one track
is required for the routine satellites per pass. The non-

synchronous track requirement per sensor is then stored in

the wvariable "nstrsn®. An additional calculation is then
made to determine the combined non—-synchronous track
requirement for all sensors. This value is stored in the

variable "tonstr".

Subroutine TODSTR

This subroutine calculates the minimum total deep space
tracking requirement "todtr" and the redundant deep space
tracking requirement “redtr®. The value of ‘“"todtr" is
calculated by summing the value of the total non-synchronous
tracking requirement "tonstr" and the total synchronous
track requirement ‘'syntot". The value of '"redtr" |is
determined by summing "tonstr" and the world wide
synchronous tracking requirement "wortr". Note that the

value of "wortr" does not subract tracks due to overlapping

I1-10




coverage of adjacent sensors. Hence, the value of "redtr"

is significantly larger than "todtr" which is calculated

b .- without using sensor visibility information. 1In reality, if

ﬁ{ a synchronous satellite is visible to more than one sensor
_i . it is tasked to at least two of the sensors. This ensures
the generation of element sets with data from more than one

sensor. In addition, this supplies a backup for incidences

of sensor down times due to uncontrollable circumstances

such as bad weather conditions.

Next to determine the deep space sensor tracking
capacity, the individual ¢tracking capacities are summed.
This sum is stored in the variable "dsscap". The difference
between the variables "dsscap" and ‘"redtr" represents a
deficiency or surplus in the total deep space sensor
tracking capability when the total deep space satellite
population distribution is assumed to be a uniform
distribution. This difference is sometimes mistakenly taken
as an indicator of the capabilities of the sensor network.
However, this is not the case since we are not using a
uniform distribution of synchronous satellites, so it
becomes necessary to evaluate Ffurther with subroutine

WORDIS.

Subroutine WORDIS
This subroutine determines the workload distribution of

sensors and calculates the difference between individual

sensor tracking requirements and tracking capacities.

Individual sensor tracking requirements are calculated by




adding the values of the synchronous track requirement

stored in the array "totstr" and the non-synchronous track
reguirement per sensor stored in the variable "nstrsn®.
This result is then stored in the three dimensional array
"wkld". Note that the individual sensor tracking
requirements are calculated using the values in the array
“totstr", hence, the tracking requirements include dual
tracking of adjacent sensors with overlapping coverage. By
subtracting the sensor workload "wkld"” from the sensor
tracking capacity, an evaluation can be made regarding
individual sensor workload. The difference is then stored
in the array "wkld" . The array "wkld" stores the sensor
number, the sensor workload, and the difference between the

sensor workload and the sensor work capacity.

Subroutine OVRLAP

The purpose of this subroutine is to determine the
number of satellites which are visible to more than one
sensor due to overlapping coverage of adjacent sensors.
This information will be used to shift workloads from an
overloaded sensor to one which has a smaller workload of
satellites to track.

The algorithm used here is similiar to the one used in
the +first subroutine "synvis",. The method differs in that
the values used for the variables "lwlim" and "uplim" must
be obtained from two different sensors. Once these

variables have been determined the subroutine merely uses

I1-12
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the steps used in subroutine "synvis"” to calculate the
number of satellites which are visable to both sensors
in question.

For xample, sensor number 1 has visibility limits of
the synchronous belt of 24t degrees east longitude to 350
degrees east longitude. (table 16 in chapter 3) The
subroutine starts with sensor number 2 and examines whether
or not either of sensor number 2 visibility 1limits +all
between the visibility 1limits of sensor number 1. The
visibility 1limits for sensor number 2 are 221 degrees east
to 75 degrees east. The eastern limit of sensor 2 overlaps
with the western limit of sensor 1. Satellites within 321
degrees east to 3I50 degrees east are visible to both
Sensors. Using the method outlined in the subroutine
"gynvis", the number of satellites visible to both sensors
is 20. This result is then stored in the array "ovlp" which
contains the number of satellites visible to each pair of

sensors with overlapping coverage.

Subroutine PRINT

The purpose of the final subroutine is to consolidate
and print the calculations of the entire program. It begins
with an index of sensor numbers and their respective names.

Next follows a table containing the number of synchronous

satellites visible to each sensor. The next entries : ff,

represent the combined deep space tracking capacity, the {{jﬁg

total deep space tracking requirement, and the total »
redundant deep space tracking requirement respectively. In cLl
MRS
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the next table, individual sensor redundant tracking
requirements, tracking capacities and the difference between
the capacity and requirement are printed. The last item is
and array containing the number of satellites visible to

sensors with overlapping coverage.

Verification and Validation

Verification of this program was achieved by a manual
check of several samples of sensors for comparison of
expected tracking requirements, number of visible
satellites, and calculation of satellites in dual visibility
of sensors with overlapping coverage. The expected results
were obtained in all cases.

Specifically procedures 4For verification started with
the verification of subroutine ‘"synvis", The visibility
limits <from the sensor file were used to determine the low
and high border satellites. Next, using the input satellite
file, the number of satellites between these satellites were
manually counted. This number was compared to the number
calculated by the subroutine and found to be identical.
This procedure was done for all twelve sensors used in this
study. Next, the number of required tracks on all deep
space satellites visible to an individual sensor WAaS
manually calculated for S randomly selected sensors and
compared to the results calculated by the subroutine
"wordis". The comparison between the manually determined
results and the computer determined results showed no

difference.
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The verification of the subroutine "ovrlap" was done by
a manual determination of the overlapping coverage of all
poassible pairs of sensors, The boundaries of these
overlapping coverage areas were compared with those
calculated by the subroutine "ovrlap" and found to be
identical. The second part of this subroutine uses the
procedures of the subroutine "synvis" to determine the
number of satellites within the overlapping coverage, so it
was not necessary to verify this portion again.

The purpose of this program was to represent the
workload distribution of the deep space tracking network.
Since the best indicator of sensor workload is satellite
tasking, several ideas from the NORAD tasking program were
utilized to help in the program design. The intent was not
to duplicate the NORAD tasking program. Therefore even
though the product of this program is compared to the NORAD
tasking program, an exact correspondence is not expected nor
required. The main concern is that this program generate
the same relative workload between sensors as is seen in the
real world sensor tasking. Differences between this program
and the real warld can be accounted for by the assumptions
made in program design.

The first assumption states that the distribution of
synchronous satellites population is the major factor in the
determination of sensor loading. The non—-synchronous
satellites are assumed to have a uniform distribution and

thereby placing an equal workload on all sensors.
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The next assumption is made in the determination of
track requirements. In the real world, tracking requirements
are determined by tasking categories and tasking suffixes.
Five tasking categories are used and sach category has five
tasking suffixes. The categories are used to assign
priorities and the suffixes are used for setting the number
of required tracks. In this Fortran program all satellites
are placed in one of only two categories with no suffixes.

Category 1 is for the high priority or high interest
satellites. These satellites require a minimum of two
tracks per pass or shocting period. The remainder of the
satellites are category 2 or the routine satellites which
require only one track per pass or shooting period. It is
aobvious that this Fortran program will not duplicate the
results of the NORAD tasking program, however, the relative
workload between sensors is comparable. The current real
world configuration data was compared with this Fortran
model. Data provided by the Deep Space office at NORAD
indicates that the real world has an average number of
tracks tasked per satellite of 2.05 per day. The Fortran
model calculates 2.35 (based on value of "redtr" divided by
the total number of deep space satellites) tracks tasked per
satellite per day. Both of these numbers reflect satellites

tasked to more than one sensor, hence some satellites may be

tracked by as many as 4 or S sensors in one day. In

reality, only about 50%Z of the tasked tracks are obtained.
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Hence,in the real world the actual number of tracks per
satellite per day is 1.03, This corresponds to the minimum
number aof tracks per day, 1.20 (base on value of "todtr"
divided by the total number of deep space satellites), that

is calculated by the Fortran program.
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CHAPTER 3

EXPERIMENTAL RESULTS

Experimental Design
For this thesis effort, fifteen runs were made. Each
run represents a different mode of operation for the sensors
selected. The following variables were considered in this
evaluation:
1. The number of sensors
2. The maximum tracking capacity of each sensaor
3. The location of the sensors
Mode 1
I chose as the starting point, the current configuration
of deep space sensors. This consisted of 3 GEODSS sites
(sites I,Il.and II1I), Motif Maui optical site, 2 Raker—-Nunn

sites, and the three deep space radars.

Mode 2

Since the radar site in Pirincilik, Turkey has not
vet proven to be able to generate useful date on deep space
satellites, this mode is identical to mode 1 with the

exception of the Pirincilik radar being left out.

Mode 3
The completion of the GEODSS network is expected to add
sites in Diego Barcia and Portugal. Hence, this mode will

evaluate the sensors of mode 1 with the addition of two more

GEODSS sites.




Mode 4

With the completion of the GEODSS sensors, the BRaker-
Nunn sites are expected to be phased out. This mode will
evaluate the effect of the loss of the 7 Baker-Nunn sites to

mode 3

Mode S through Mode 8

Modes 5 through 8 are identical to modes 1 through 4
with the exception that the maximum tracking capacity for
each sensor has been decreased by 50% for the Baker—-Nunn
cameras, 60% for the GEODSS and MOTIF sensors, and 25% for
the deep space radars. These decreases represent the
average response of the sensors to NORAD s tasking at this
writing. The decreases are due to the limitations due to

weather, daylight, and sensor down times.

Mode @

Mode 9 consist of only the three deep space radars. The
purpose of this is to represent the deep space sensor
response to a real time crisis need of observation on
objects of high interest, An area of interest here is
sensor overlap between the three radars. 0f course the
radars will only be required to track satellites of high

interest.
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Mode 10

This mode is similiar to Mode 9 with the exception that
here the maximum tracking capacity for each sensor has been
decreased by 28%. The purpose again is to evaluate the real

time tracking capability in a 24 hour environment.

Mode 11 through 19

Modes 11 through 15 provide information for sensitivity
analysis for the configuration represented by mode 4. The
purpose is to determine at what level of tracking capacity
reduction is this configuration still capable of praoviding
the required number of tracks necessary for optimum
maintenence of the current deep space satellite population.
For all runs of this test the reduction of the deep space
radars will be maintained at 15%Z. Since the MOTIF sensor is
only a contributing sensor it will not be used in these
runs. Modes 11 through 15 will represent a reduction in the

GEODSS sensors by 10%4, 20%, 30%, 40%, and S0% respectively.

Results

Tables 1 through 1% represent the results of the
computer runs on the 15 modes. Table 16 contains the sensor
information used by the program for satellite visibility
calculations. Table 14 is arranged as follows: The sensors
are represented by the rows. The columns contain
information specific to each sensor. Specifically fraom left
to right the columns contain the sensor number, sensor

latitude, sensor longitude, eastern visibility 1limit,

I11-2
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western visibility 1limit, and maximum tracking capacity.

Appendix C contains the synchronous satellite 1longitudinal
subpoints used to determine sensor visibility of synchronous
satellites.

Appendix B contains a printout with all print statements
within the program activated for mode 1. In Tables 1
through 15 the print statements in the print subroutine only
were activated. All other print commands within the program
were suppressed. This option included within this program
was used as a trouble shooting tool.

The table of results will be presented in the following
format:

1. The first item is the number of sensors used
for the particular run. This is represented by & value
assigned to the variable "num”.

2. The next entry is the number of synchronous
satellites contained in this data file. The variable
"maxsat" contains this value.

z. The third item is the total number of non-
synchronous satellites the run is based on.

4, Next comes the number of synchronous satellites
visible to each sensor.

S. The combined deep space tracking capacity is
next. This value is simply the summation of the last column
of deep space sensor (which contains the individual sensor
tracking capacity) file found in table 16.

6. The total deep space tracking reqgquirement

follows item S. Note here that this number represents the

I11-4




num = 9
maxsat = 264
nonsyn = 498
Number of synchronous satellites visible to each sensor
Sensor number Number of satellftes
1 91
93
83
88
88
77
77
88
125
Combined Deep Space Track Capacity = 772

Total Deep Space Track Requirement = 796
Total Redundant Track Requirement = 1436

® N N e WwN

Workload Distribution

Sensor number No. of Required Tracks Difference
1 . 168 -1909
Sensor number No. of Required Tracks Difference
2 163 - -193
Sensor number No. of Required Tracks Difference
3 151 -91
Sensor number No. of Required Tracks Differcnce
4 . 157 -13
Sensor number No. of Required Tracks Difference
5 148 -4
Sensor number No. of Required Tracks Difference
6 143 1
Sensor number No. of Required Tracks Difference
7 143 ~123
Sensor number No. of Required Tracks Difference
- 8 157 -97
“*Censor number No. of Required Tracks Difference
9 282 ~142

overlap visibility array
) 51 58

30 2 25 25 2 91
38 2 2 g 3 . 1) 2 39
51 g 2 81 2 57 57 34 76
58 2 81 g ) 55 55 32 83
' 3 g 2 2 19 19 53 1]
25 2 57 55 19 a 77 54 58
25 g 57 55 19 77 g 54 58
2 g 34 32 53 54 54 7 27
91 39 76 83 2 52 58 27 2
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TABLE &

MODE &

Sensor Number 1 = Baker~Nunn, St Margarets, # 27

Sensor Number 2 = BRaker-—-Nunn, San Vito, # 25
Sensor Number I = Baker-Nunn, Edwards, # TO
Sensor Number 4 = GEODSS, Soccora, #210
Sensor Number 5 = GEODSS, Vorea, #220
Sensor Number & = GEQODSS. Maui, #2370
Sensor Number 7 = MOTIF, Maui , #2951
Sensor Number 8 = Radar, Altair, #3349
Sensor Number % = Radar, Millstone, #HI69

Maximum Tracking Capacity ——Reduction/New value
Baker—-Nunn —-—— S0% /60 Tracks per day
GEODSS and MOTIF —— 60%/144 Tracks per day

Radars —-—-—-254/60 Tracks per day
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num = 12

maxsat = 264

nonsyn = 490

Number of synchronous satellites visible to each sensor

Sensor number Number of satellftes
1 91
2 93
3 83
4 88
5 89
6 77
7 77
8 88
9 125

19 126

Combined Deep Space Track Capacity = 832
Total Deep Space Track Requirement = 796
Total Redundant Track Requirement = 1586

Workload Distribution

Sensor number No. of Required Tracks Difference
1 156 hd -96
Sensor number No. of Required Tracks Difference
2 159 -99
Sensor number No. of Required Tracks Difference
3 - 147 -87
Sensor number No. of Requi;ed Tracks Difference
4 15 -9
Sensog number No. of Requ{:ed Tracks Difference
14 2
Sensor number No. of Required Tracks Difference
6 139 N5
~ —_ Sensor number No. of Requiged Tracks Difference
e 13 -99
~*8ensor number No. of Required Tracks Difference
8 153 -93
Sensor number No. of Required Tracks Difference
9 198 -138
Sensor number No. of Required Tracks Difference
12 198 ~138

overlap visibility array
a 3 5 58

2 1 ) 25 25 2 91 26
39 2 g g 3 2 a g 39 89
S1 2 ) 81 2 57 57 34 76 )
58 2 81 ) 2 55 55 32 83 a
a 3 g 4 2 19 19 53 2 49
25 9 57 586 19 2 77 54 58 8
25 g 57 55 19 77 ] 54 54 g
2 g 34 32 53 54 54 2 27 13
91 39 76 83 ) 59 14 27 2 35
26 89 ) ) A ) a 13 35 g




TABLE 5

MODE 5
Sensor Number 1 = BRaker-—-Nunn, St Margarets, # 27
Sensor Number 2 = BRaker—Nunn, San Vito, # 25
Sensor Number 3 = Baker-Nunn, Edwards, # 30
Sensor Number 4 = GEODSS, Soccoro, #2100
Sensor Number S = GEODSS, Korea, #220
Sensor Number &6 = GEODSS, Maui, #2330
Sensor Number 7 = MOTIF, Maui , #9551
Sensor Number 8 = Radar, Altair, #3324
Sensor Number 9 = Radar, Millstone, #3169
Sensor Number 10 = Radar, Firincilik, #3337

Maximum Tracking Capacity —--Reduction/New value

Baker-Nunn —---— S0% /460 Tracks per day
GEODSS and MOTIF —- &0%4/144 Tracks per day
Radars —--—-29%/60 Tracks per day
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num =
maxsat
nonsyn

Sensor

W N O N W N e

9

Combined Deep Space Track Capacity =
Total Deep Space Track Requirement =

9

= 264
= 490
Number of synchronous satellites visible to each sensor

number

Number of satellites

88
89
77
77
88
125
126
183
78

Total Redundant Track Requirement =

Workload Distribution

Sensor
1
Sensor

Sensor
3
Sensor

Sensor

S

Sensor

6

Sensor

7

-~ .Sensor
~< S 8
Sensor

number
number
number
number
number
number
number
number

number

No.
No.
No.
No.
No.
No.
No.
No.

No.

of
of
of
of
of
of
of
of
of

overlap visibility array
55 55 32

g 2

2 ) 19 19 53
55 19 7 77 54
55 19 ?7 2 54
32 53 54 54 q
83 g 52 50 27
a 49 2 ) 13
8 55 2 ) 28
11 ] 7 4 )

Required
157
Required
148
Required
143
Required
143
Required
157
Required
292
Required
282
Required
175
Required
145

2149
796
1484
Tracks
Tracks
-
Tracks
Tracks
Tracks
Tracks
Tracks
Tracks

Tracks

DRNR~

53
68
22

Differance
293
Difference
212
Difference
217
Difference
-43
Difference
-77
Difference
-122
Difference
-122

Difference
185

Difference
215
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TABLE 4
MODE 4
Sensor Number 1 = GEODSS, Soccoro, #210
Sensor Number 2 = GEDODSS, Korea, #220
Sensor Number 3I = GEODSS, Maui , #2370
Sensor Number 4 = MOTIF, Maui , #951
Sensor Number 5 = Radar, Altair, #334
Sensor Number & = Radar, Millstone, #7369
Sensor Number 7 = Radar, Pirincilik, 337
Sensor Number 8 = GEODSS, Diego Garcia, #240
Sensor Number 9 = GEODSS, Fortugal, #250
;
2
I11-10 ]
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num = 12 ®
maxsat = 264

nonsyn = 420

Number of synchronous satellites visible to each sensor
Sensor number Number of satellites

91

93

83

88 - .
8g R
77 o

77
88
125 IR
126
11 193 .®

-

O 0O N T e W N

-
=

12 ‘78 SRy
Combined Deep Space Track Capacity = 2599 AR
TJotal Deep Space Track Requirement = 796 RN
Total Redundant Track Requirement = 1882 N

Workload Distribution

Sensor number No. of Rqulged Tracks Diffe;ence
1 -2
Sensor number No. of Required Tracks Difference
2 159 -34
Sensor number No. of Required Tracks Difference
3 138 -18
Sensor number No. of Required Tracks Difference
~ 4 144 216
™~ ~.Sensor number No. of Required Tracks Difference
e 5 135 2258
Sensor number No. of Required Tracks Difference -
6 139 238 IR
Sensor number No. of Required Tracks Difference RN
7 139 -39 R
Sensor number No. of Required Tracks Difference Ot
8 144 -64 RN
Sensor number No. of Required Tracks Difference - STt
9 189 -189 . ®
Sensor number No. of Required Tracks Difference o
19 189 -129 :
Sensor number No. of Required Tracks Difference
11 162 198
Sensor number No. of Required Tracks Difference
12 . 132 228
overlap visibi{lity array
2 39 S1 58 a 25 25 2 91 26 2 44
39 ] 2 o 3 4 a [ 4 39 89 51 64
51 2 4 81 a 57 57 34 76 14 I § 4
58 ] 81 ] 2 55 55 32 83 '] "] 11 \
I § 3 g @ g 19 19 53 '} AQ 55 2 ':
25 g 87 85 19 2 77 54 59 g ' 4 -
25 g 57 55 19 77 g 54 50 I § 2 2 T
2 4 34 32 83 54 54 7 27 13 28 I'§ to
91 39 76 83 "] 50 59 27 2 35 '} 53 L
26 8% a 4 49 ] q 13 35 2 38 14 L
4 51 2 4 55 ) ] 28 | § 88 ] 22
44 64 4 11 "4 2 1 2 63 69 22 2
ervo— .
o .-'. .y - .. ~ . " - ..' = =




Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

Number 1
Number 2 =
Number = =
Number 4 =
Number & =
Number & =
Number 7

Number 8 =
Number 9

Number 10
Number 11

Number 12

TABLE 3

MODE 3

Raker—-Nunn,
Baker-Nunn,
Baker-Nunn,
GEODSS,
GEODSS,
GEODSS,
MOTIF,
Radar,
Radar,
Radar,
GEODSS,

GEODSS,

111-9

St Margarets,
San Vito,
Edwards,
Saccoro,
Korea,

Maui ,

Maui ,

Altair,
Millstone,
Pirincilik,
Diego Garcia,

Portugal,

-----
~~~~~

*
t)
~

$IIZ7

#240

#2250
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aum =

9

maxsat = 264

nonsyn

= 400

Number of synchronous satellftes visible to each sensor
Number of satellites

Sensor number

e

o N O e W N

9

Combined Deep Space Track Capacity =
Total Deep Space Track Requirement =

91
93
83
88
8y
77
77
88
125

Total Redundant Track Requirement =

Workload Distribution

Sensor number No. of

Sensor number No. of
2

Sensor number No. of

Sensor number No. of
4

Sensor number No. of
-

Sensor number No. of
6

Sensor number No. of
7

...Sensor number No. of
s 8

Sensor number No. of
9

overlap visibility array

i) 39 51 58 2

39 2 g 2 3

51 4 4 81 2

58 2 81 ) 2

o 3 2 4 4

25 2 57 -55 19

25 2 57 55 19

2 ] 34 32 53

91 39 76 83 2

ﬁequired

169

Required

163

Required

151

Required

157

Required

148

Required

Req
Req
Req

143
uired
143
uired
157
uired

2082

25

4
57
55
19

7
77
§4
58

1709
796
1436
Tracks
Jracks
Tracks
Tracks
Tracks
Tracks
Tracks
Tracks

Tracks

91

76
83

59
27

Difference
-49
Difference
-43
Difference
-31
Difference
293
Difference
212
Difference
217
Dl{ference
..‘4

Difference
-77

Differance
-122




Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

'''''''''

Number

Number

Number

Number

Number

Number

Number

Number

Number

TABLE 2

MODE 2

1 = Baker-Nunn,

2 = Baker-Nunn,
3 = Baker-—-Nunn,
4 = BEQDSS,

S = GEODSS,

6 = GEODSS,

7 = MOTIF,

8 = Radar,

? = Radar,

111-8

St Margarets,
San Vito,
Edwards,
Soccaro,
Forea,

Mauwi,

Maui ,

Altair,

Millstone,
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num = 19
maxsat = 264
nonsyn = 498
Number of synchronous satellites visible to each sensor
Sensor number Number of satellites

1 91
) 2 93
3 83
4 88
5 89
[ 77
7 77
8 88
9 125
19 126
Combined Deep Space Track Capacity = 17889
Total Deep Space Track Requirement = 796
Total Redundant Track Requirement = 1586
. Workload Distribution
B Sensor number No. of Required Jracks Difference
- 156 ~36
- Sensor number No. of Required Tracks Difference
2 159 -
Sensor number No. of Required Tracks Difference
3 147 -27
Sensor number No, of Required Tracks Difference
. 4 153 287
Sensor number No. of Required Tracks Difference
) 144 216
- Sensor number No. of Required Tracks Difference
~ 6 139 21
IvSensor number No. of Required Tracks Difference
7 139 -39
Sensor number No. of Required Tracks Difference
8 153 -73
Sensor number No. of Required Tracks Difference
9 198 -118
Sensor number No. of Required Tracks Difference
19 ~- 198 -118
- overlap visibility array
2 39 51 58 ] 25 25 2 91 26
. 39 4 4 2 3 2 I 4 I 4 39 89
- 51 ] ] 81 ' 57 57 34 76 2
- 58 4 81 o a 85 55 32 83 2
. a8 3 4 o a 19 19 53 2 49
- 28 9 57 55 19 o 77 54 50 )
. - 25 2 57 55 19 77 ) 54 59 2
2 4 34 32 53 54 54 g 27 13
91 39 76 83 2 50 59 27 2 35
26 89 2 g 47 2 g 13 35 ]




Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

Number

Number

Number

Number

Number

Number

Number

Number

Number

Number

TABLE 1
MODE 1

1 = Baker-—Nunn,

8]
]

= Raker-Nunn,

2}
J

= Baker~Nunn,

4 = GEODSS,

w
i

= GEODSS,

GEODSS,

N>
]

= MOTIF,

il

Radar,

v @

i

Radar,

10 = Radar,

I111-7

St Margarets, # 27
San Vito, # 25

Edwards, # 20

Soccoro, #210
Korea, #220
Maui , #2320

Maui , #9551
Altair, #3249
Millstone, #3469

Pirincilik, #3327
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can be distributed to sensors with larger tracking
capacities as long as there is overlapping coverage between
the two sensors.This workload shifting will be further
illustrated in the analysis of the data in chapter 4,

Tables 17, 18, and 19 summarize the results of tables 1

through 195.
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PRSP R NN

St



2ae an aan o

T

minimum total deep space tracking requirement. It does not
consider any overlapping coverages between adjacent sensors.

7. The next item is the total redundant track
requirement +for all deep space sensors. This value 1is
larger because it includes redundant tasking due to
satellites visible to more than one sensor.

8. The next entry is a table af individual sensor
worklopads and differences between the workload and the
sensors maximum tracking capacity. Again note that the
workload includes redundant tasking due to overlapping
sensor coverage.

9. The last entry is an array containing the
number of synchronous satellites in dual visibility between
all possible pairs of sensors used in the particular mode.
The sensors are not shown on the array but are arranged as
follows. From left to right the columns represent in order
the sensors Ffrom 1 to "num", where num is the number of
sensors used for the mode. The rows are order from top to
bottom beginning with sensor number 1 to sensor number
"num". The number at the intersection of a particular row
and column represents the number of synchronous satellites
lying within the area of overlapping coverage of the two
sensors represented by the row and column.

It would appear from the initial exposure to the data
that the Baker—Nunn cameras, the deep space radars, and the
MOTIF optical site are overworked. EBut these results do not

reflect that in the real world situation satellite tasking

ITI-S
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TABLE 7

MODE 7

Sensor Number 1| = Raker-Nunn, St Margarets, % 27 .
Sensor Number 2 = Baker-Nunn, San Vito, # 25 ?
Sencaor Number T = Baker-Nunn, Edwards, # 30
Sensor Number 4 = GEODSS, Soccora, #210 .
Sensor Number 5 = GEOQDSS, Korea, #220 ’
Sensor Number & = GEODSS, Maui , #2230
Sensor Number 7 = MOTIF, Maui , #951 ;
Sensor Number 8 = Radar, Altair, #3324 !
Sensor Numbetr 9 = Radar, Millstone, #3469
Sensor Number 10 = Radar, Pirincilik, #3327 ,
Sensor Number 11 = GEODSS, Diego Garcia, #240 ?
Sensor Number 12 = GEODSS, Fortugal, #250

Maximum Tracking Capacity —-—Reduction/New value é

Baker—-Nunn —--—- 50% /&0 Tracks per day
GEODSS and MOTIF —-- (04/144 Tracks per day

Radars ~—-25%4/60 Tracks per day

ITI-17%




num =

12

maxsat = 264
nonsyn = 499
Number of synchronous satellites visible to each sensor

Sensor number

1

W ® N O e W N

-
)

1
1

Combined Deep Space Track Capacity =
Total Deep Space Track Requirement =

1
2

Number of satellfites

91
93
83
88
84
77
77
88
125
126
193
‘78

Total Redundant Track Requirement =

Workload Distribution

Senso
Senso
Senso
Senso
- Senso
\.""’;‘

Senso
Senso
Senso
Senso
Senso
1
Senso
1

Senso
1

overlap visibility array
g 5

39
51
58

g
25
25

2
91
26

)
44

r
1
r
r
r
4
r
5
r
r
7
r
8

r
9

r
4

r
1
r
2

number
number
number
number
number
number
number
number
number
number
number

number

.

No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.

of
of
of
of
of
of
of
of
of
of
of
of

39 1 58 2
'] 9 ) 3
2 2 81 v 4
2 81 g 2
3 a 2 4
vl 57 5§ 19
2 §7 55 19
4 34 32 83

39 76 83 2

89 4 ) 49

51 2 2 55

64 4 11 )

Required
147
Required
150
Required
138
Required
144
Required
135
Required
139
Required
139
Required
144
Required
189

Required
189

Required
162

Required
132

25 25
57 5/

g«
g

1129
tea2
Tracks
Tracks
Tracks
Tracks
Tracks
Tracks
Tracks
Tracks
Tracks
Tracks
Tracks

Tracks

Difference

-87
Difference
-9
Difference
-78
Diffirence
']

Difference
9

Difference
14

Difference
-94

Difference
-84

Difference
-129

Difference
-129

Difference
-18

Difference
12

26 2

89 51

g g

g a

49 55

2 2

-4 '}

13 28

35 2

4 88

88 9

6Q 22

44

RNNn —~

53
60
22




.......

Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

Bensor

Sensor

Sensor

Maximum Tracking Capacity -—Reduction/New value

Number

Number

Number

Number

Number

Number

Number

Number

Number

GEODSS and MOTIF —— 60%/144 Tracks per day

(]

A

TABLE 8

MODE 8

GEODSS,
GEODSS,
GEODSS,
MOTIF,
Radar,
Radar,
Radar,
GEODSS,

GEQDSS,

Soccoro,
Korea,

Maui,

Maui ,

Altair,
Millstone,
Firincilik,
Diego Garcia,

Fortugal,

Radars —-——-25%/60 Tracks per day
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v Sensor
8

~

num = 9
maxsat = 264
nonsyn = 489

Number of synchronous satellites visible to each

Sensor number

1

O N O e W N

Combined Deep Space Track Capacity =
Total Deep Space Track Requirement =

Number of satellfites

88
89
77
77
88
128
126
193
78

Total Redundant Track Requirement =

Workload Distribution

Sensor number
1

Sensor number
Sensos number
Senso? number
Senso: number
Sensor number
Sensof number
! number

Sensor number
9

No.
No.
No.
No.
No.
No.
No.
No.

No.

of
of
of
of
of
of
of
of
of

overlap visibility array
2 55 55 32

2

' 2 19 19 53
65 19 g 77 54
55 19 77 4 54
32 53 54 54 a
83 2 59 52 27
4 49 2 I} 13
g 55 g 2 28
11 9 9 1) g

948
796
1484

kequired Tracks
157

RequiredyTracks
148

Required

143

Required

143

Required

157

Regquired

292

Required

2082

Required

178

Required

145

49
13
35

88
69

Tracks
Tracks
Tracks
Tracks
Tracks
Tracks

Tracks

sensor

Diffei-ence
-13
Difference

Difference
1

Difference
-183
Difference
-97
Difference
-142
Difference
-142
Difference
-31
Diffe ence

sana-

69
22




Sensor Number

Sensor Number

Sensor Number X

A ',‘- -.“':. LS ._\ oo, - ‘f-,." "

TABLE 9

MODE <

DEEFP SFPACE RADARS ONLY

= Radar, Altair,
= Radar, Millstone,
= Radar, Pirincilik,

#369

#3Z7
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num = 3
maxsat = 264
nonsyn = 492

Number of synchronous satellites visible to each sensor

Sensor number Number of satellites
1 88
2 125

3 126
Combined Deep Space Track Capacity = 244
Total Deep Space Track Requirement = 796
Total Redundant Track Requirement = 885

Workload Distribution

Sensor number No. of Required Tracks
1 264

Sensor number No. of Required Tracks
2 399

Sensor number No. of Required Tracks
3 399

overlap visibility array
g 7 13
27 ] 35
13 35 )

Difference
-184

Difference
~229

Difference
-229




TABLE 10

MODE 10

DEEP SFPACE RADARS ONLY

Sensor Number 1 = Radar, Altair, #2724
Sensor Number 2 = Radar, Millstone, #3699
Sensor Number 3 = Radar, Pirincilit, #3337

Maximum Tracking Capacity —-—-Reduction/New value

Radars ——-—-28%/60 Tracks per day

II1I-16




num = 3

maxsat = 264
nonsyn = 499
Number of synchronous satellites visible to each sensor

Sensor number Number of satellites

1 88
2 125
3 126
Combined Deep Space Track Capacity = 188
Total Deep Space Track Requirement = 7986
Total Redundant Track Requirement = 885

Workload Distribution
Sensor number No. of Required Tracks
64

Sensor number No. of Required Tracks
2 399

Sensor number No. of Required Tracks
309

ovei jap visibiltity array
¥ § 27 13

27 ) 35
13 38 2

s
&, S

Difference
-204

Difference
-245%

Difference
=249




TABLE 11

MODE 11
Sensor Number 1 = GEODSS, Soccoro, #210
Sensor Number 2 = GEODSS, Korea, #220
Sensor Number 7 = GEODSS, Maui , #2320
Sensor Number 4 = Radar, Altair, #3324
Sensor Number S = Radar, Millstone, #3469
Sensor Number & = Radar, Pirincilil, #3237
Sensor Number 7 = GEODSS, Diego Garcia, #240
Sensor Number 8 = GEODSS, Portugal, #2250

Maximum Tracking Capacity —-—-Reduction/New value

GEODSS —-- 10%/324 Tracks per day

Radars ~— 19%/68 Tracks per day

ITI-17
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num = 8

«

maxsat
nonsyn

= 264
= AQQY

Number of synchronous satellites visible to each sensor
Number of satellites

Sensor

N Y AW N

number

88
89
77
88

125

126

183

.

78

Combined Deep Space Track Capacity = 1824
Total Deep Space Track Requirement = 796
Total Redundant Track Requirement = 1393

Workload Distribution

Sensor
1
Sensor
2
Sensor
3
Sensor
4
Sensor
5
Sensor
6

Sensor
7

Sensor
8

overlap visibility array
g 2 55 32

number
number
number
humber
humber
number
number

number

78
19
53

40
58

)

=

[~)

19
7
54
50
a
g
2

53
54

g
27
13
28

g

No.
No.
No.
No.
No.
No.
No.
No.

of
of
of
of
of
of
of
of

83

Required Tracks
165

.

Required Tracks
156

RequiredeTracks
151

Required Tracks
165

Required Tracks
219

Required Tracks
219

Required Tracks
183

Required Tracks
153

N oY Lo
aNRuaRyg~

Difference
159
Diffe-ence
168
Difference
173
Difference
-97
Difference
-142
Difference
-142
Difference
141
DA\fference
171




TABLE 12

MODE 12
Sensor Number 1 = GEODSS, Soccoro, #210
Sensor Number 2 = GEODSS, Korea, #220
Sensor Number 3 = GEODSS, Maui, #230
Sensor Number 4 = Radar, Altair, #3234
Sensor Number $ = Radar, Millstone, #7269
Sensor Number &6 = Radar, Pirinciltik, #3337
Sensor Number 7 = GEODSS, Diego Garcia, #240
Sensor Number 8 = GEODSS, Portugal, #2050

Maximum Tracking Capacity —--Reduction/New value

GEODSS ~- 20%4/288 Tracks per day

Radars —— 19%4/68 Tracks per day

ITI~-18
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num = B

maxsat = 264

nonsyn = 404

Number of synchronous satelljites visible to each sensor
Sensor numoer Number of satellites

1 88
8g
77
88
125
126
193
8 78
Combined Deep Space Track Capacity = 1644

Total Deep Space Track Requirement = 796
Total Redundant Track Requirement = 1393

N OO e W N

Workload Distribution

Sensor number No. of Required Tracks Difference
1 . 165 123
Sensor number No. of Required Tracks Difference
2 156 132
Sensor number No. of Required>Tracks Difference
3 151 137
Sensor numbder No. of Required Tracks Difference
4 165 -97
Sensor numbér No. of Required Tracks Difference
5 2198 -142
Sensor number No. of Required Tracks Difference
6 218 -142
Sensor numbder No. of Required Tracks Difference
7 183 1905
- Sensor numder No. of Required Tracks Difference
~— R 8 153 135
e

overlap visibility array
g 4 5 2 83 4 g 1
a 23 19 53 a 1954 55

55 19 2 54 50 g g

32 53 54 27 13 28

83 4 5y a 35 J4§ 53

2 AD g 35 ) 88 60

'] 55 a 2 88 g 22

11 I§ 24 53 640 2 2
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TABLE 13

MODE 13
Sensor Number 1 = GEODSS, Soccoro, #210
Sensaor Number 2 = GEODSS, Korea, #220
Sensor Number I = GEODSS, Maui, #2Z0
Sensor Number 4 = Radar, Altair, #7234
Sensor Number S = Radar, Millstone, #3269
Sensor Number & = Radar, Firincilitk, #II7
Sensor Number 7 = GEODSS, Diego Garcia, #240
Sensor Number 8 = GEODSS, Fortugal, #2250
Maximum Tracking Capacity —--Reduction/New value
GEQDSS —-- 307%/252 Tracks per day
Radars ——- 159%4/68 Tracks per day
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Sensor number No. of Required Tracks Difference
1 165 87
Sensor number No. of Required Tracks Difference
2 186 86
Sensor number No. of Required Tracks Difference

151 121
Sensor number No. of Required Tracks Difference
4 « 165 -9/
Sensor number No. of Required Tracks Difference
219 -142
Sensor number No. of Required Tracks Difference
6 219 -142
Sensor numbder No. of Required Tracks Difference
183 69
-~ Sensor number No. of Required Tracks Df?ference
< 153 99
overlap visibility array
g £ 55 32 83 -4 3 11
I o4 19 53 g 49 55 a
55 19 Z 54 58 a g )
32 53 54 g 27 13 28 y’g
83 ) 549 27 2 35 g 53
2 AQ 2z 13 35 2 88 69
) 88 g 28 9 88 g 22
11 4 2 g 53 6@ 22 4
. '~ Sty e o LA I R I P PR IO

.."_X“-‘_L'."<‘-'-‘ AR I Y e i 2

num = 8
maxsat = 264
nonsyn = 444
Number of synchronous satellites visible to each sensor
Sensor number Number of satellites
1 88
2 89
3 77
4 88
5 125
6 126
7 193
8 78
Combined Deep Space Track Capacity = 1464
Total Deep Space Track Requirement = 796

Total Redundant Track Requirement = 1393

Workload Distrikution
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Mode 2

. As mentioned in chapter I the purpose of running mode 2
is to indicate the impact of not having useful data +from
the PFirincilik deep space radar. Al though worldwide
coverage is still maintained, the loss of this radar does
create a sigaificant deficiency. As might be expected, the
remaining sensors will experience an increase in workloads
which 1is indicated by the workload distribution table. A
potentially greater impact however is the loss of 24 hour
tracking and all weather response offered ..; the radar. The
area not covered by the other two radar= from 8 to @91

degrees east longitude is now totally dependant on coverage

by optical sensors.

Mode 32

With the addition of the finmal two GEODSS sites in Diego
BGarcia and Portugal, mode I indicates that any deficiencies
in track requirements can be accommodated by the larger
workload capacities of the GEODSS sensors. Note that both
sensors number 2 and 10 which in mode 1 were unable to
transfer tracking overloads can now transfer excess
satellite track requirements to both of the final two GEDODSS
sensors in Diego Garcia and Portugal. This is illustrated

by the overlap array. Sensor number 2 (row 2) has S1 and 64

satellites in overlapping coverage with GEODSS Diego Garcia

and GEODSS Portugal, respectively. Sensor number 10 (row f}?%
10) has 88 and 60 satellites in overlapping coverage with

GEODSS Diego 0Garcia and GEODSS Fortugal, respectively.
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overlap array is used it is possible to shift workloads from
overloaded sensors, such as sensor number 1, to one of two
GEODSS sensors. Sensor number 2 has a negative difference
of 39 but only has T satellites in overlapping coverage with
sensor number S5 and no satellites in overlapping coverage
with the other two GEODSS sensors. It deoes, however, have
overlapping coverage with sensor number 1 (Baker—Nunn, St
Margarets),sensor number 9 (radar, Millstone), and sensor
number 10 (radar, Firincilik)j; but, the work distribution
table indicates that these three sensors are also not
capable of tracking all satellites within their coverage
(ie. have a negative difference)and are unable to transfer
enough to a GEODSS sensor to compensate for tracks
transferred by sensor no. 2. I+ a shift of workload is to
occur it would be at the expense of creating an even larger
tracking deficiency at one of the 1latter three sensors.
Sensor number 10, although able to transfer 40 satellites to
GEODSS sensor number S is still left with a tracking
deficiency. The impact of this tracking shortage is that
not all satellites are tracked as often as required and
hence their orbits are calculated with minimal data.
Fortunately, this is limited to satellites with low tasking
priorities. However, as the population of deep space
satellites increases this can be expected to worsen if the

present tracking capability is not increased.
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TABLE 20

TRACKING ADJUSTMENT
FOR MODE 2

Receiving Sensors
Overloaded
Sensors
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Sensors
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X These values include the extra 30 tracks transferred
to sensor #1 by sensor #2.

XX This value includes the extra 11 tracks transferred
to sensor #9 by sensor #2.

Mode 1

The results of the Mode 1 run indicate that the minimum
tracking requirement (todtr) is well within the total
tracking capacity of the present deep space sSensors.
However, as noted in chapter 3 actual tasking is closer to
the total redundant track requirement (redtr) which is 89%
of the total tracking capacity.

The table of the workload distribution alone, indicates
that the three Baker-Nunn sensors, the three radars, and the
MOTIF Maui optical sensor are overwhelmed by tracking

requirements. However, when the information in the sensor
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plus what ever was transfer to them by sensor no. 2. After
completing all sensors with negative differences, the next
step is to sum up the additional tracks assigned to each of
the GEODSS sensors and check that the additional workload
does not exceed the maximum tracking capacity of the GEODSS
sensor and thereby changing the original positive difference
of the GEODSS sensor to a negative difference (ie. too many
tracks were assigned to the GEODSS sensor). If after all
track reassignments, all sensors have a positive difference,
then the conclusion can be made that the sensor network is
capable of supplying the required tracks for the deep space
satellites in this mode of operation. The adjusted track
requirement and adjusted difference is tabulated in tables
21 and 22. Note that Modes 4 through 10, 14 and 15 are not
shown since these modes had negative sums of the
"Difference” column.

Although the workload distribution has listed sensor
number 7 (MOTIF maui) as a sensor with a negative tasking
difference, this sensor will not be considered since in
reality this sensor is only tasked for high interest objects
since GEODSS Maui is capable of ¢tracking all of the

satellites in coverage of MOTIF Maui.

Iv-2




with negative differences.

Sensor number 1 (Baker-Nunn, St Margarets) has a
negative difference of -—-40 tracks, however it has
overlapping coverage with GEODSS sensors 4 and & (Soccoro
and Maui). The number of satellites within the overlapping
coverages is 58 and 25 tracks, respectively. Hence, sensor
number 1 may transfer up to 83 tracks to the twoc GEODSS
sensors combined. This would easily remove the negative
difference for sensor number 1.

Sensor number 2 (Baker—-Numnn, San Vito) has a negative
difference of —-43 tracks. But the overlapping coverage of
this sensor only has one GEODSS sensor (sensor number 95,
Karea) and only three tracks are transferable to it. Note
that sensor number 2 also has coverage with sensor number |
and recall that sensor number 1 was able to transfer up to
82 tracks but only needed to transfer 40. Also note that
sensor number 1 has overlapping coverage with sensor number
9 (radar, Millstone) which must be able to transfer 122
tracks. But sensor number 9 also has overlapping cover with
GEODSS sensors number 4 and 6, and can transfer up to 133
tracks to the two sensors combined. So even though it is
not possible to directly transfer more than three tracks
from sensor 2 to the GEODSS sensors, it 1is possible to
indirectly transfer the additional 40 tracks to the GEODSS
sensors by sending tracks to sensor number 1 and 9. To
compensate for this extra load sensors 1 and 9 in turn

transfer the normal number of tracks to the GEODSS sensors

1v-2




CHAPTER 4

ANALYSIS OF THE RESULTS

Method of Analysis

There 1is no unique method for analysis of the results
generated in this study. The method used here focuses on the
ability to eliminate negative values in the " Difference"
column of the "Workload Distribution Table". The goal is to
remove all negative differences by shifting the workload to
the GEODSS sensors which are not loaded to their maximum.
The first step is to sum the values within the difference
column of the workload distribution table. (see tables 17,
18, and 19) If the sum is a negative value then it is not
possible to completely eliminate negative differences for
all of the overloaded sensors. 0On the pother hand a positive
sum does not necessarily mean that it is possible to
completely remove negative differences for all of the
overloaded sensors (mode 1). After it has been determined
that the sum of the "Difference" is positive, the next step
is to determine how many tracks must be reassigned and to
whicn sensors must the reassignment be made to. Ultimately,
it is necessary to remove the negative differences by
reassigning tracks to one or more of the five GEODSS sites
since they are the only sensors with positive differences.

Table 20 illustrates how tracks were transferred for the
analysis of Mode 2. After identifying the sensors with
negative differences, the overlap visibility array will

indicate which sensors can share coverage with the sensors
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num =

8

maxsat = 264
nonsyn = 400
Number of synchronous satellites visible to each sensor

Sensor number

Combined Deep Space Track Capacity =
Total Deep Space Track Requirement =

1
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8

Number of satellites
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88
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78

Total Redundant Track Requirement =

Workioad Distribtution
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« R

r
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No.
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Sensor

Sensor

Sensor

Sensar

Sensor

Sensor

Sensor

Sensar

Maximum Tracking Capacity ——Reduction/New value

TABLE 15

MODE 15
Number 1 = GEODSS, Soccoro,
Number 2 = GEOQDSS, Kaorea,
Number % = GEODSS, Maui,
Number 4 = Radar, Altair,
Number 5 = Radar, Millstone,
Number & = Radar, Pirincililk,
Number 7 = BEODSS, Diego Garcia,
Number 8 = GEODSS, Portugal,

GEODSS -- 50%/180 Tracks per day

Radars —-

15%/68 Tracks per day
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#2350
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num = 8
maxsat = 264
nonsyn = 408
Number of synchronous satellites visible to each sensor
Sensor number Number of satellites
- 1 88
89
77
88
125 s
126 . )
193 '

N oY e W N

8 78
Combined Deep Space Track Capacity = 1284
Total Deep Space Track Requirement = 796
Total Redundant Track Requirement = 1393

Workload Distritution

Sensor number No. of Required Tracks Difference
1 168 51
Sensor number No. of Required Tracks Difference
2 156
Sensor number No. of Requlred.Tracks Difference
3 151 65
Sensor number No. of Required Tracks Difference
4 . 165 -9/
Sensor number No. of Required Tracks Difference
5 219 -142
Sensor number No. of Required Tracks Difference
6 219 -142
Sensor number No. of Required Tracks Difference
- 7 183
~— _ Sensor number No. of Required Tracks DPFference
Chiae 8 153
overlap visibility array
g 28 55 32 83 a7 g 11
a A 19 53 7 40 55 2
5% 19 2 54 Sg 4 g -4
32 53 54 5] 27 13 28 14

83

=

59 27 a 35 g 53

g AL 8 13 35 2 88 69
) 88 4 22
g 44 53 60 22 g

) 55 g 28
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k TABLE 14

MODE 14

h ) Sensor Number 1 = GEODSS, Soccoro, #2210

i Sensor Number 2 = GEODSS, Korea, #220

. Sensor Number 3 = GEDODSS, Maui, #220
Sensor Number 4 = Radar, Altair, #Z24
Sensor Number % = Radar, Millstone, #7469
Sensor Number & = Radar, Pirinciltilk, #Z3I7
Sensor Number 7 = GEODSS, Diego Garcia, #240
Sensor Number 8 = GEODSS, Fortugal, #250

Maximum Tracking Capacity —-—Reduction/New value

GEODSS -— 40Q0%4/216 Tracks per day

Radars -- 19%/68 Tracks per day

I11-20
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These overlaps more than make up for the negative difference
in tracking requirements indicated by the wor kload

distribution table for sensors 1 and 10.

Mode 4

Al though the loss of the BRaker—-Nunn sensors does
increase the workload of the remaining sensoaors, it does not
appear to increase the load beyond the tracking capabilities
of the network. Note that all of the sensors with negative
differences in the workload distribution table can transfer
more than enough of the workload to the GEODSS sensor
system resulting in the removal of the negative workload

difference.

Modes S Through 8

As discussed in chapter 3, actual performance of the
deep space sensors is well below their maximum capacities.
Therefore modes 5 through 8 were run to simul ate
performances when the tracking capacities are reduced from
25% to 60%.

It is very apparent from the workload distribution
tables of modes & through 8 that none of the mades are
capable of meeting the "Total Redundant Track Requirement".
In all cases the "Total Redundant Track Requirement"” far
exceeds the "Combined Deep Space Tracking Capaci'y". Modes
S through 8 do however appear to be able to meet the minimum
"Total Deep Space Track Requirement". As a consequence of

this, satellites, in reality, do not receive the optimum

1v-7




T ——

T

number of observations for orbit analysis. Satellites must
be prioritized to ensure adequate tracking of high interest
satellites. Observations on low priority satellites are not
taken for several days in some cases. This unfortunately
leads to situations of many lost satellites and mis~

identified satellites.

Mades 9 and 10

The purpose of the last two runs was not to determine if
the three deep space radars were capable of tracking the
entire deep space satellite population, but to illustrate
the overlapping coverage of the three radars and to show
that the deep space tracking network is limited in its
ability to provide real time tracking data.

As can be seen by both of the overlap arrays each of the
three radars have overlapping coverage with the other two
radars. This is essential for continuous coverage and hand-
offs of high interest events. The combined tracking
capacity of the three radars as calculated in mode 10
(180 tracks) represents approximately 27 percent of the
total deep space satellite population when we assume that
each satellite will require only one track. However, many
events require that the radars obtain maximum data which
equates to 6 to 12 tracks. What this means is that the
three deep space radars are really at their limit if they

are tasked only high interest satellites.

1v-8
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Mode 11 Through 15

The analysis provided by these modes indicates that if
the reduction in performance of the radar tracking capacity
and of the GEDODSS tracking capacity can be maintained at
less than 15% and 30%, the sensor network would be able to
provide the necessary tracking data for the present
population of deep space satellites. When the tracking
reduction is increased from 304 to 40% for the GEODSS sites
the sum of the "“difference" column in the wor k1l oad
distribution table becomes negative which indicates that it
is not possible provide the necessary track requirements for

all of the deep space satellites.
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FIGURE 1

PRESENT DEEP SFACE SENSOR COVERAGE
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FIGURE 2

DEEP SFACE SENSOR COVERAGE WITH S5 GEODSS SENSORS
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Sensor Coverage

Figure 1 illustrates the equatorial coverage of the deep
space sensors as described by made 1. Figure 2 illustrates
the coverage as described by mode 4. It is quite clear that
in both configurations there is optical sensor overlap as
well as radar sensor overlap. The question therefore is not
aone of physical orbit coverage, but , one of capacity of
coverage. As illustrated by the computer runs, the limiting
factor is one of more satellites than what the sensors are
currently capable of tracking. The mode 11 through 15
results indicate that if the mode 4 performance of the
GEODSS sensors is only decreased by 304 and the radars are
only decreased by 15% the configuration would be able to
adequately able to track the present population of
satellites.

The next issue is that of sensor coverage as it relates
to the sensar netwark®s ability to respond to realtime
events., If an event occurs in an area where the optical
sensors are in darkness and in clear weather than coverage
would be good as long as the respective radar is also in
operation. However, if either the radar or the optical

sensor is inoperable, than our ability to track an event

becomes limited. Obviously the optical sites would have to
be concerned with darkness, weather, and lunar conditions.
The radar would not have these concerns but because of the

limited deep space search capabilities of the radars,

Iv-12




aquisition of the target may be difficult without the
assistence of other sensors.

The other concern is that neither the Altair radar nor
the Pirincilik radar are dedicated deep space radars.
Hence, there is always competition for radar tracking time.
The ideal deep space sensor network should have dedicated
sensors at a minimum, In addition, since the present radars
.ve limited in their tracking capacities, research should be
accomplished to determine the best means of providing
greater tracking capacities. This could mean the
construction of more radars or improvements to existing

radars.
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CHAPTER S

CONCLUSIONS AND RECOMMENDATIONS

Introduction

The exploitation of space for commercial and military
use has increased the importance of maintaining a current
catalog of all man—-made satellites. This thesfs focuses on
the deep space tracking networlk. Because deep space
satellites move at a slower angular velocity relative to the
near earth satellites, they are visible to fewer sensors.
As a result, their orbits are calculated with less data.

Presently, all deep space satellite tracking is
performed by a network of three Baker—-Nunn cameras, four
electro-optical sensors, and three deep space radars. By
1988 two more electro-optical sensors are planned to be
operational. These last two sensors will signal the end for
the three remaining Baker-Nunn cameras.

The purpose of this thesis effort is to study the
tracking workload of the deep space sensors. It will also
evaluate the effect of the final two GEODSS sensors as well
as the impact of closing down the three Baker—-Nunn cameras.
Although there is concern of the growth of the deep space
satellite population, this study evaluated the deep space
sensor network with respect to the present population of
satellites.

The heart of this study was the developement of a
Fortran program which would detemine sensor visibilities,

workloads, and overlapping coverages. After this task was
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accomplished, the remaining task was to apply this program
to various sensor configurations and analyze the data.

The results indicated that the major factor influencing
the performance of the sensors was the maximum tracking
capacity and location of the GEDDSS sensors. Given ideal
tracking conditions, the five GEODSS sensors are capable of
handling routine tracking requirements well into the 22nd
century. However, present sensor statistics obtained from
NORAD show that the GEODSS sensors are operating at 40% of
their maximum capability. This of course is due to
uncontrollable environmental conditions that the optical
sensors must contend with. Although the deep space radars
alone are capable of providing worldwide coverage, their
limited tracking capacities restrict their use and therefore
limit our capablities to respond to realworld events in a

realtime fashion.

Conclusions
The proposed deep space sensor network of 5 GEODSS sites
and 3 deep space radars has the potential for providing
adequate tracking requirements if the following problems are
resol ved:
1. At a minimum the performance of the GEODSS
sensars must be increased by 30%.
2. The three deep space radars must be dedicated
deep space radars. As an alternate, 3 new
additional radars placed such that they bisect

the coverage of the three existing radars can
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be acquired. This configuration would enable
the deep space network to respond to all
realtime events.

z. An additional study should be made into giving
the GEODSS sensars a capability of 24 hour
operation. Dne method might use Long Wave

Infra—-Red.

Recommendations For Further Thesis Research

Additional research into the following areas would
provide useful information for further analysis of the deep
space satellite tracking networik.

1. Application of this program to an estimated
deep space population of the 22nd century.

2. Improvement of this program to use actual
positional information for the non-synchronous
satellites.

2. Application of the program to a sensor network
with several more proposed new deep space
sensors.

4. Development of a subroutine to account Ffor
overlapping coverage with respect to the non-

synchronous satellites.
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*main module name dssnef (DS SENSOR EFFICIENCY)
]

*CLASS: GSO 84D THESIS AOVISOR: LTC MEKARU DATE:26 Oct 84
*"NAME OF PROGRAMER: Glenn K Hasegawa {LOGIN NAME: ghasegaw)
™

T3 T3S RSR 2R 2 222 20 222X 22222222222 222222 22 d R 222222t a2l s dd]
-

*MODULE DISCRIPTION Given the synchronous satellite distribution,
: * along with the total deep space satellite

* population, this program will determine the

" workload of a spacified number of deep space

w sensors at specified locations.

FE3YTr22 2222222222 2 22 22 R X2 2R 2 At 22R2 2202 2R3 2 22222222 22 2R 222 2 X 222 23]
*

*PROGRAM VARIABLES

required on the high priority synchronous
satellites per sensor

npsrt(15,2) matrix containing the number of tracks
required on the non-priority synchronous
satellites per sensor

* Type: Real
" aynsat(389,2) matrix containing the distribution of
* synchronous satellites
k]
- sensor(15,19) matrix containing sensor location,
” synchronous longitudinal visibiltity
" 1imits, and maximum tracking capacities.
L
* hp percentage .of synchronous satell{tes
» which have high priority
*
- np percentage of synchronous satellites
* which do not have high priorfty
»
» hpns percentage of non-synchronous satellites
" which have high priority
-
= npns : percentage of non-synchronous satellites
» which do not have high prtiority
* Type: Integer
»* 1,Jd matrix row and column count
»~
* vissat{15,3) matrix containing the number of satellftes
* visible to a sensor
: num number of deep space sensors
: hpsrt(15,2) matrix containing the number of tracks
-
»
"
]
=
L 4
»
~
L 4
»
»
L ]
-
»
-
»

wortr total track requirement for all synchronous
satellites
nonsyn total number of non-synéhronous satellites
- nsyvis numbar of non-synchronous satellites
e visible per sensor
t~ tonstr total worldwide non-synchronous track
o requirement

;
s
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totstr{15,2)
maxsat

diff

dsscap
wk1d(15,2)
todtr

synchronous track requirement per sensor
max {mum number of synchronous satellites
difference between total deep space
tracking capacity and total deep space
tracking requirement

combined deep space sensor track capacity

tracking requirement pef‘sensor

total deep space tracking requirement

a,b matrix row and column count

nstrsn non-synchronous satellite tracking
requirement per sensor

ovlip(29,29) array containing the number of satelllites
visible to two sensors and the respective
sensors

syntot Total system track requfrement base on
total satellfite population, and accounting
for sensor overlapping coverage.This track
requirement {s for synchronous satellites
only.

redtr Redundant tracking requirement for all deep

‘lvl!ll'lll!llllll'lllllll"ll!ll'

space satellites. Includes: tracking due

FEYF ST 2T 2ZERFRS R S22 22 2 8 22 222 R A 2R R R R b R 2 2 2 2 2 R 2 2 X Rt 2Rt 22 2 )
*
*ALGORITHM DEVELOPMENT
MAIN MODULE DSSNEF
read i{n the number of deep space sensors to ba used
read in the number of synchronous satellites {n file
read in the number of non-synchronous satellfites
print the number of deep space sensors
print the number of synchronous satellites in file
print the number of non-synchronous satellites
start do loop
read {n the synchronous satellite matrix
end do loop
start do loop
print the synchronous satellite matrix
end do loop
start do loop
read in the sensor matrix
end do loop
start do loop
print sensor matrix
end do loop
call subroutine synvis
¢call subroutine synctr
call subroutine nsynvi
call subroutine nsyntr
call subroutine todstr
call subroutine wordis
call subroutine ovrlap
call subroutine print
end mafn module
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c start main module
program dssnef
Covmmammcccccea—a Cmm e A rees et —————————— e mccsecvececcccca e -
c variable table
real synsat{309,2), sensor{(15,18),hp,np,hpns,npns
integer 1,J,vissat{15,3),num,hpsrt{(15,2),npsrt(15,2),wortr,redtr
fnteger nonsyn,nsyvis,nsyvis,tonstr,totstr(15,2),0v1p{(29,29)
1nteger maxsat,diff,dsscap,wk1d(15, 3) todtr,a b.nstrsn.syntot
Cmmmmmrc e c e c e e cmmm e mm— e e —————————————— - e e e o e e
read®,num
- resd*,maxsat
read*,nonsyn
print®*,'num = ’,num
print*,'maxsat =' maxsat
print*, 'nonsyn =’ ,nonsyn
do 2 { = l,maxsat
read*,(synsat(i,J§),3 = 1,2)
2 continue
do § a = |,maxsat
print*
print 7, (synsat(a bl,b = 1 2)
format (' *,6F15.2)
cont {nue
do 4 { = ]l,num
read*.(sensor(i.d),d.- 1,6)

L 2R 2B BE 3R

n~

4 continue
do 8 a = ]l,num
’ print*
~ * print 9,{(sensor{a,b),b = 1,6)
E 9 format (* *,6F10.2)
i 8 continue
call synvis{(vissat,num,synsat,sensor ,maxsat)
call synctr{vissat, hp.np.hpsrt npsrt,totstr ,wortr,num,maxsat,syntot
call nsynvi(num.nonsyn nsyvis)
call nsyntr{hpns,npns,nsyvis,tonstr,num,nstrsn,nonsyn)
call todstr(sensor.tonstr.syntot,num.diff.todtr.dsscap.redtr.wortr)
call wordis{wkld,num,sensor ,nstrsn,totstr)
call ovrlap(num,synsat,sensor,maxsat,ovip)
ca;I print(vissat,dsscap,todtr,num,wkld,ovlip,redtr)
en
c end mafn module
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Et-.t'ﬂt’t*..tﬂ!l!t*t'tlt’tt’lt'tt*!.'i‘ttii!"ttit!it'ttttl't!i'!t'*th'
AU A RN A AN A AN AN AT AR R AT NN NN AN A AR AR AR AR R AN TN RN AR R ANRN AR R AN RN AN NN R RN RGN
AR AN AR RN AR AN AN AR AR AR RN AR A RN AR AR RN AR AN AR RIA N AR RNRANANR AN RN RN AR RAR
L

*subroutine synvis
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*MQODULE DESCRIPTION: This module will determine the number of
" synchronous satellites visible to each sensor

Y 4
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*L OCAL VARIABLES

g Type: Integer

] : - Twiim }ower sensor synchronous longftudinal visibility
hd ]

. . imit
bl uplim upper sensor synchronous longltudinal visibility
hd 1
. Timit
bd n satellite counter
-
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* losatn lower 1imit satellite number

: hisatn upper limit satellite number

: t satellite counter

: k ’ sensor counter

5 sum number of synchronous satellites visible to sensor
»

' 1 22 2223322233222 2222 2223223 2 222222 2 2222222222 228222222 2 2 s 222 X2 2 221

*ALGORITHM DEVELOPMENT

start subroutine synvis
start do loop
print blank line
print value of counter 'k’
assign to variable lwlim value stored in matrix sensor(k,4)
print value of sensor(k,4)
asstgn to variable uplim value stored in matrix sensor{(k,5)
print value of sensor(k,5)
locate nearest satellite at lower 1imit
1f (lwlim > synsat(n,2}) then
ns=n+1
repeat until condition is not met
end 1f
satellite nearest lower sensor visibility Yimit s *n°
assign to variable losatn the value of n
print the value of losatn
locate necarest satelljte at upper l1imit
starting at t equal value of maxsat
if (uplim < synsat{(t,2) then
t =t -1
repeat until condition is not met
end if
satellite nearest upper sensor visibility 1imit 1s °*t°’
assign to varfable hisatn the value of t
print the value of hisatn
determin? the number of satellites between the longitude
fmits
variable maxsat equals the maximum number of
synchronous satellites
number of visible satellites equals the
difference between hisatn and losatn
unless the difference is negative, then
{t equals the value of hisatn plus the
difference between the values of maxsat
and losatn
assign to array(k,2) the calculated number of
visible satellites
print sensor number
print the number of visible satellites
end do loop
end subroutine synvis
'Y2X XTI 222 FF2EERZEA2RRZ AR RS2 R 220222 2222222222 2 222 A2 2 a2 t 2 R 2 2 )
start subroutine synvis
subrouttne synvis{vissat,num,synsat,sensor,maxsat)

ﬂl‘l"tiil'llll‘llll!l'!ll’l‘i“lll"lllllltl‘l

roa] synsat{300,2),sensor{15,12)

integer vissat(15, 3) num, 1w1|m

integer upllm.n.losatn.hlsatn.t.ma.sat.k.sum
c--—--—--—--— ———————— - P e -

do 2% k = |,nhum

print*
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print*,'k = *,k
Twlf{m = sensor(k.4)
print*, ‘'sensor(k,4)="',sensor(k,4)
uplim = sensor(k,S)
print*, 'sensor(k,5)=",sensor(k,5)
print*,'lwlim = * 1wlim
print®*,'uplim = *,uplim
c locate nearest satellite at lower limit
- n=1
19 {if (lwlim .gt. synsati(n,2)) then
nesn+1l
go to 18
: end If
losatn = n
print*,*losatn = ', ,losatn
c locate nearest satellite at upper limit
t = 264
18 1f (uplim .1t. synsat(t,2)) then
t =t -1
go to 15
end if
hisatn = t
print*,'hisatn =’,hisatn
c determine the number of satellites between longitude limits
c maxsat = the total number of synchronous satellites
sum = hisatn - losatn + 1

print*, sum =’,sum .
1f (sum .1t. @) then
sum = @
sum = hisatn + (maxsat - losatn + 1)
vissat{(k,2) = sum
vissat(k,l) = k
else
vissat(k,2} = sum
vissat{k,1l) = k
end {f
print*,'vissati{k,l) =’ ,vissatik,1)
print*,‘vissat(k,2) =*,vissat(k,2)
25 cont inue
end
c end subroutine synvis

RARAR AR A ARAR AR AN AR TR AR AR TR AT R A AANNAARA AR AN AR ARR A ARANAA NN AN NN N
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*subroutlne synctr

This subroutine will calculate the track requirements for the

synchronous satellites visible to each sensor.
(A 2222222222222 2R df 22 2R 22222 22 22 R RAXR R YRR R TR R R R L R R B R g g g g R R

w

»
*LOCAL VARIABLES

* Type: Integer

: w sensor counter

: sat number of satellites visible to a specific sensor
) : s sensor counter

: a ) variable holder for hpsrt(s,2)

: b variabIe holder for npsrti(s,2)

"
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*ALGORITHM DEVELOPMENT
"
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45

start subroutine synctr
set percentage of high priority synchronous satellite
set percentage of non-high priority synchronous satellite
start do loop
print blank line
print value of varfable s
assign to variable sat the value stored in vissat(s,2)
calculate the number of required tracks for high priority
synchronous satellites, store (n hpsrt(s,2) note high
priority satellites are tracked twice per day minimum
print value of hpsrt(s,2)
assign to variable a the value stored in hpsrt(s,2)
calculate the number of required tracks for non priority
synchronous satellites, store {in npsrt(s,2)non~high
priority satellites are tracked once per day
print value of npsrtis,2)
: assign to variable b the value stored in npsrtis,2)
calculate the total number of tracks required for all
synchronous satellites visible to sensor s
print total track requirement, totstris,2)
end do loop
start do loop
calculate total track requirement for all synchronous
satellites visible to all deep space sensors
store value in varf{able wortr

- end do loop

print total track requirsment, wortr

calculate total track requirement accounting for sensor overlapping
coverage

end subroutine synctr

.'....*.'i.I.ﬁ'ﬁﬁ.ii."t-‘.".tiﬁﬁ...i'iiit.‘!'.‘Qt"""*ﬁ‘.'*l.""..

start subroutine synctr
subroutine synctr(vissat,hp,np,hpsrt,npsrt,totstr,wortr,num,
maxsat,syntot)

real hp.np
fnteger vissat(15,3) ,hpsrt{15,2),npsrt{(15,2),totstr(18,2)
integer num,w,sat,wortr,s,a,b,syntot,maxsat

= - . - e 5w W D R o s G S0 GR W NP ¥R WD AR am e S e Gm PSS WD AR D T D e e

np = #.8
do 49 s = 1l,num
print®
print*,'s = °,s
sat = vissat(s,2)
hpsrt(s,2) = (hp * sat)*2
print*,'hpsrt{s,2) = °’ hpsrt(s,2)
a = hpsrt(s,2)
npsrt(s,2) = (np * sat)*}
print*, npsrtis,2) = ’,npsrt(s,2)
b = npsrtis,2)
totstr{s,2) = a + b
print®,‘totstr(s,2) = ’',totstr(s,2)
cont inue
wor 1dwide synchronous track requirement
wortr = #§ .
do 45 w = 1,num
wortr = totstr(w,2) ¢+ wortr
continue
print®
print®, 'wortr =',wortr
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syntot = (hp*maxsat)*2 + {(np*"maxsat)
end
c end subroutine synctr

o m e mad cdme o= - - - - - - 4 o e . - -~ - - - -
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*subroutine nsynv{

This subroutine will calculate the number of non~synchronous

. * satellites visable to a sensor.
. t s 82 22 22 R 22 2 2 2t i d R R R izl i 223 22 2222 2 232123 222 R T R YRR R 22 0
~

*ALGORITHM DEVELOPEMENT

start subroutine nsynvi
calculate the number of non-synchronous sateliites visible.to
each sensor, store value fn nsyvis
print value of nsyvis
end subroutine nsynvi{
(3222222222222 22222222 2dd2 222222 222222 Rt R 2 822 2 P R RS2 24
start subroutine nsynvf
subroutine nsynvi{num,nonsyn,nsyvis)

[ 2N I I I 2 2 J

ftnteger num,nonsyn,nsyvis
c-—-————--—---——-——---- —————————
c -calculate number of nonsync satellfites visable per sensor
nsyvis = @
nsyvis = nonsyn/num
CN . print*,'nsyvis =’ ,nsyvis
and
c end subroutine nsyvis

EQ..".**'Rt'*itt*iir*lﬂt*ttﬁt!**.t**tiﬁ*"l*t!il**i*t**!***t*t*t*t*.ltt
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*subroutine nsyntr
* This subroutine will determine the number of tracks required on
* the non-synchronous satellites visible to each sensor.
E3 2222222222222 R 2222222222 222322322223 222 2RI XS R R R R R R RS2 2 2
»
*LOCAL VARIABLES
Type: Integer

hpnstr number of high priority tracks required per

sensor on non-synchronous sataellites

npnstr number of non-priority tracks required per
sensor on non-synchronous satellites

.
* RN REREDR
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»

*ALGORITHM DEVELOPEMENT

»

» start subroutine nsyntr

bl set percentage of high priority non-synchronous satellites

* set percentage of non priority non-synchronous satellites

ol calculate the number of tracks required for high prforit non-

b synchronous sateilfites, store value in hpnstr note this

- 1s tracks required per sensor also high priority satellites

* are tracked a minimum of twice per day

ol calculate the number of tracks required for non priority non-

b synchronous satellites, store value In npnstr note, this

. is tracks required per sensor, also these satellites are

- tracked only once per day

- calculate the total track requirement per sensor for non-synchronous
.\ \.-.-;- .
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* satellites, store this value in variable nstrsn
* - print value of nstrsn
* calculate worldwide track requirement for non-synchronous satellites
* store this value in vartfable tonstr
* end of subroutine nsyntr

" T 2232 2322222222223 22222222 R 2222222222 222 22 222222222222 2222 a2 222l

c start subroutine nsyntr

subroutine nsyntr{hpns,npns,nsyvis,tonstr,num,nstrsn,nonsyn)

real hpns,npns
integer hpnstr,npnstr,nsyvis,tonstr,num,nstrsn,nonsyn

npns = g.8

hpnstr = (hpns*nsyvis)*2

npnstr = {npns * nsyvis}*l

nstrsn = hpnstr + npnstr

print*,'nstrsn =’,nstrsn

tonstr = (nonsyn*hpns)*2 + (nonsyn*npns)
print*,'tonstr =’,tonstr

end

end subroutine nsyntr
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*subroutine todstr

» This subroutine will determine the total deep space satellite

hd track requirement and determine the difference between this

* requirement and the sensor track capacity.
F2 2322322323322 22222223222 220 2222222222 222 22222 R 22 X222 222 R 2 2 J 8 £

L 3
*LOCAL VARIABLES
* Type: Integer
w

m sensor counter
»

T P23 23232222222 22222222222 222 2R R X222 222222222 Rt 222 22 a2t a2 R o 0% 2 24

w
*ALGORITHM DEVELOPEMENT
L ]

start subroutine todstr

calculate total deep space track requirement for all deep space
satellites for all deep space sensors
store in varfiable todtr

print value of todtr

start do loop
calculate total deep space sensor tracking capacity
store value in variable dsscap

end do loop

print value of dsscap

calculate difference between total tracking capacity of all
deep space sensors and the total track requirement
store this value in variable diff

print value of diff

end of subroutine todstr

Y22 2223282828222 R R 2222 X 22X 22 2t 2 P2 222222222822 X222 R
start subroutine todstr

subroutine todstr(sensor,tonstr,syntot,num,diff,todtr,dsscap,
¢ redtr,wortr)}

GCEE R SR IR JE SR 2E NN 2R 2k B R NE BB NN R J

{nteger tonstr,syntot,num,diff,dsscap,todtr,m,redtr ,wortr
real sensor(15,6)

todtr = @

todtr = tonstr + syntot




redtr = tonstr + wortr
print*,‘'redtr = *,redtr
print*,’todtr = ', ,todtr
c calculate deep space combine sensor track capacity
dsscap = @
do 6@ m * 1,num
dsscap = dsscap + sensor{m,6)

60 continue
print*, 'dsscap = ',dsscap
[ difference In capacity and requirement calculation

diff = dsscap - todtr
print*,'diff = ', diff
print®*,‘todtr = ', todtr
end

c end subroutine todstr

' 32 22 2222222322232 2223222222222 R R A 2222 XX X322t o lx2 R a2 R XX
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*subroutfne wordlis

* This subroutine will determine the workload distribution for

* each individual sensor.
'YYEXEIRZESNZEAREREREESRRAZERRE2 R 2R af X222t 2 it i R t i i 2 2 2 2 R X X 1
»

*L OCAL VARIABLES

* Type: Integer

* p sensor counter

»*

* a variable holder for sensor max tracking capacity
*

» b variable holder for sensor tracking requirement
L 4

IEXIFT222T RS2 2222222222 RRR2 2222222200222 2 2 2t st 20 Xt i 2 i s 2 22 ]
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*ALGORITHM DEVELOPEMENT

-
* start subroutine wordis
bod start do loop
» calculate tracking workload for all satellite types
* per sensor, store valued in matrix wkld{(p,2)
" assign to varjable a the max tracking capacity for
* sensor p, where p is the sensor number
* assign to varjable b the tracking requirement for
* sensor p
» determine the difference between the max capacfity and
* tracking requirement, store value in wkldi{p,3)
bod print value of wkld(p,2)
* print value of wklid{(p,3)
* end do loop
hod end subroutine wordis
*'ﬁt'.-#tﬁ*!l***i‘t**ri****ﬁ*t***.t********ii****it*ﬁi***itt*t!!'*‘il*iite
c start subroutine wordis
subroutine wordis{wkld,num,sensor ,nstrsn,totstr)
Cmmmec e cam e mm e e m e s M mm e m e e EmmmememmSmem o e — e mmmam - —————
integer wk1d(15,3),num,nstrsn,p,totstr{(15,2),a,b
real sensor{15,18)
g

do 89 p = 1,num
wk1d(p,2) = totstr{p,2) + nstrsn
wkildi(p,1) = p
a = sensor(p,6)
b = wkld(p,2)
wkldi(p,3) = a - b
print*,'wkld(p,2) = ',wkld{p,2)
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print*,'wkld{(p,3) = *,wkld{(p,3)
849 continue
end
c end subroutine wordis

Cremmmm e — e ———— -
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*subroutine ovrlap

» This subroutine will determine the if two adjacent sensors have
* over lapping coverage. If there is overlapping coverage, then

* the number of synchronous satellites in the overlapping coverage
* will be calculated.

' 2223232223222 3222322222222 2 2222322222222 22822 2R 22222222 2 2 22222222}

»
=L OCAL VARIABLES
Type: Integer
lwbord lower synchronous longftudinal visibility 1imit
of secondary sensor whose visibility coverage

is being tested for overlap with the primary
sensor.

upbord upper synchronous longitudinal visibflfty 1{mit
of secondary sensor whose visibility coverage
{s being tested for overlap with the primary
sansor. .

Tow variable representing the lower lcngitude bound
of the overlap coverage

high variable representing the upper longitude bound
of the overlap coverage

t satellite counter

k sensor counter

b sensor counter

h varfable representing (uplim - 368)

Iwlim,uplim
losatn,hisatn
sum see subroutine synvis

' PEEEEEEEEEEEEEIN I NN RN N/
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*ALGORITHM DEVELOPMENT
L

start subrouttne ovrlap
start outer do loop
assign to variable "lwlim* the value stored 1n matrix
sensor{k,4) of primary sensor
assign to variable "uplim" the value stored in matrix
sensor(k,5) of primary sensor
start inner do loop
assign to variable "lwbord" the value stored i{n
matrix sensor{b,4) of secondary sensor
assign to varfable "upbord" the value stored in
matrix sens»>r(b,5) of secondary sensor
set value of variables “n" and "t" to #
account for sensors whose coverage straddlies the
prime meridfan
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1f {(uplim ¢ 1wlim) then
uplim = uplim + 368
if (upbord < 1wbord) then
upbord = upboard + 368
if {(uplim > lwbord > 1wlim )} then
n =1
locate nearest satellite at lower 1limit
if { lwbord > synsat(n,2)) then
nen+1
repeat until conditfon {s not met
end {f
satellite nearest lower sensor visibility
limit is °n°
assign to variable losatn the value of 'n°’
assign to variable “t" the value of “maxsat”
Tocate nearest satellite at upper 1limit
1f (uplim { synsat{t,2)) then
t =t -1
repeat until condition {s not met
end If
satellite nearest upper sensor visibf{lity
limit Is °t°
assign to variable hisatn the value of °'t°’
print longitude 1imits of overlapping

coverage
end If
1f {(Iwlim < upbord < uplim ) ¢t
n=1 .
locate nearest satellice at lowcr l1imit
{f (Iwlfm > synsat(n,2)) the
n = n +
repeat until condicion §is not met
end {f
satellite nearest lower sensor visibility
. timit is °n’
assign to vartable losatn the value of 'n’
assign to variable "t" the value of “"maxsat"
locate nearest satellite at upper limit
if (upbord < synsat(t,2)) then
t =t -1
repeat until conditign is not met
- end {f
) satellite nearest upper sensor visibility
~ . 1imit is °t°
assign to varfable hisatn the volue of °*t°
print longitude limits of overlapping
coverage
end {f

1f ( n does not = @ and t does not = @) then
determine the number of satellites In
dual coverage
number of visible satellites equals the
difference between hisatn and losatn
unless the difference {s negative,
then 1t equals the value of hisatn
plus the difference between the
values of maxsat and losatn
assign to array ovip(29,28) the calculated
number of visible satellites
end If
print the number of satellites in dual coverage of

sensor numbers k and b
end {If

continue {nner loop
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cont {nue outer loop
end subroutine ovrlap

2222222202222 R 2R iR A2 222 22 R azii i s 2 20 X2 222 222X 22222 X
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144

148

159

leg

start subroutine ovrlap
subroutine ovrlap{num,synsat,sensor,maxsat,ovip)

o = . = o o= e = = = e e - = T T = 4 e R S e e e = M = e A - - - - -

real synsat(390,2),sensor(15,19)
{integer num,lwltm,uplim,lwbord.upbord,t,k.sum,ovip{29,29)
integer maxsat,b,hisatn,losatn,n,low,high,h

T L LT i ——

do 138 k = 1,num
Iwlim = sensor{k,4)
uplim = sensor{(k,S5)
do 146 b = 1l ,num
Twbord = sensor(
upbord = sensor(
n=4g
t =9
if (upbord .gt. Iwlim .and. upbord .1t. uplim) then
n =1
low = 1wlim
high = upbord
if (low .gt. synsati(n,2)) then
ns=n+1
go to 144

b,4)
b,5)

end {f’

losatn = n

t = maxsat

{f (high .1t. sYnsat(t,2)) then

end {f
hisatn = t
print*
print*, 'between’,low, 'east longfitude’
print*,’and’,high,’east longitude’
print*,’sensor no.',k,’and sensor no.’',b
print*,*have overlapping cqverage’
end if :
if (uplim .1t. 1wlim) then
Iy T uplim = 3680 + uplim
end {f
{f (upbord .1t. lwbord) then
upbord = upbord + 360
end {f
if (1lwbord .1t. uplim .and. lwbord .gt. lwlim) then
n =
low = lwbord
high = uplim
if { high .ge. 368) then
high = high - 368

end {f

if (low .gt. synsat(n,2)) then
n=n+
go to 158

end {f

losatn = n

t = maxsat

if (high .1t. synsat{(t,2)) then
t =t -1
go to 164

end {f

hisatn = ¢t
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between 195 east longitude
and 266 east longitude

sensor no. 4 and sensor no. 7
have overlapping coverage

between 195 east longitude

and 266 east longitude

sensor no. 4 and sensor no. 7

have overlapp'ing coverage

The number of visible satellites in
the overlapping coverage between
sensor number 4 and sensor number 7
ts 55

between 195 east longftude
and 244 east longitude

sensor no. 4 and sensor no. 8
have overlapping coverage

between 195 east longitude

and 244 east longitude

sensor no. 4 and sensor no. 8

have overlapping coverage

The number of visible satellites In
the overlapping coverage between
sensor number 4 and sensor number 8
1s 32

between 298 east longitude

and 319 east longitude

sensor no. 4 and sensor no. 9

have overlapping coverage

The number of visible satelli{tes in
the overlapping coverage between
sensor number 4 and sensor number 9
is 83

sensor number 4 and
sensor numder 10
have no overlapping coverage

sensor number 5 and
sensor number 1
have no overlapping coverage

between 73 east longitude

and 75 east longfitude

sensor no. 5 and sensor no. 2

have overlapping coverage

The number of visible satellites 1n
the overlapping coverage between
sensor number 5 and sensor number 2
1s 3

sensor number 5 and
sensor number 3
have no overlapping coverage

sensor number S5 and
sensor number 4
have no overlapping coverage

sensor numd>er 5 and
sensor number 5
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sensor number 3 and sensor number 8
is 34

between 208 east longitude

and 297 east longitude

sensor no. 3 and sensor no. 9

have overlapping coverage

The number of visible satellites iIn
the overlapping coverage between
sensor number 3 and sensor number 9
1s 76

sensor number 3 and
sensor number 14
have no overlapping coverage

between 241 east longfitude

and 312 east longitude

sensor no. 4 and sensor no. 1

have overlapping coverage

The number of visible satellites {n
the overlapping coverage between
sensor number 4 and sensor number 1
ts 58

sensor number 4 and
sensor number 2 .
have no overlapping coverage

between 195 east longitude
and 297 east longftude

sensor no. 4 and sensor no. 3
have overlapping coverage

between 195 east longftude

and 297 east longitude

sensor no. 4 and sensor no. 3

have overlapping coverage

The number of visible satellites {n
the overlapping coverage between
sensor number 4 and sensor number 3
is 81

sensor number 4 and
sensor number 4
have no overlapping coverage

sensor number 4 and
sensor number 5
have no overlapping coverage

between 195 east longfitude
and 266 east longi{tude

sensor no. 4 and sensor no. 6
have overlapping coverage

between 195 east longfitude

and 266 east longitude

sensor no. 4 and sensor no. &

have overlapping coverage

The number of visible satellites in
the overlasping coverage between
sensor number 4 and sensor number 6
fs §5




the overlapping coverage between
sensor number 3 and sensor number 1
is 51

sensor numder 3 and
sensor number 2
have no overlapping coverage

sensor number 3 and
sensor numbder 3
have no ovarlapping coverage

between 195 east longitude

and 297 east longfitude

sensor no. 3 and sensor no. 4

have overlapping coverage

The number of visible satellites in
the overlapping coverage between
sensor number 3 and sensor number 4
1s 81

sensor number 3 and
sensor number 5
have no overlapping coverage

between 187 east longitude
and 266 east longttude

sensor no. 3 and sensor no. §
have overlapping coverage

between 187 east longitude

and 266 east longitude

sensor no. 3 and sensor no. 6

have overlapping coverage

The number of visible satellites f{n
the overlapping coverage between
sensor numper 3 and sensor naumber 6
is §7

between 187 east longitude
and 266 east longitude
sensor no. 3 and sensor no. 7

v.pave overlapping coverage

between 187 east longtitude

and 266 east longfitude

sensor no. 3 and sensor no. 7

have overlapping coverage

The number of visible satellites in
the overlapping coverage between
sengor number 3 and sensor number 7
ts 57

between 187 east longitude
and 244 east longitude

sensor no. 3 and sensor no. 8
have overlapping coverage

between 187 east longitude

and 244 east longftude

sensor no. 3 and sensor no. B

have overlapping coverage

The number of visible satellites in
the overlapping coverage between




and 350 east longitude

sensor no. 2 and sensor no, 1

have overlapping coverage

The number of visible satellites in
the overlaosping coverage between
sensgr number 2 and sensor number 1
ts 3

sensor number 2 and
sensor number 2
have no overlapping coverage

sensor number 2 and
sensor number 3
have no overlapping coverage

sensor number 2 and
sensor number 4
have no overlapping coverage

between 73 east longitude

and 75 east longitude

sensor no. 2 and sensor no. §

have overlapping coverage

The number of visible satellites In
the overlapping coverage between
sen;or number 2 and sensor number 5§
1s .

sensor number 2 and
sensor number 6 -
have no overlapping coverage

sensor number 2 and
sensor number 7
have no overlapping coverage

sensor number 2 and
sensor number 8
have no overlapping coverage

- between 321 east longitude
«*and 8 east longitude

sensor no. 2 and sensor no. 9
have overlapping coverage
The number of visible satellites in
the overlapping coverage between
sensor number 2 and sensor number 9
ts 39

between 325 east lTongftude

and 75 east longitude

sensor no. 2 and sensor no. 14

have overlapping coverage

The number of visible satellites {n
the overlapping coverage between
sen;or number 2 and sensor number 14
is 89

between 241 east longfitude

and 297 east longttude

sensor no. 3 and sensor no. 1

have over lapping coverage

The number of vistible sateilites {n
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sensor number S
have no overlapping coverage

between 241 east longitude
and 266 east longfitude

sensor no. 1 and sensor no. 6
have overlapping coverage

between 241 east longitude

and 266 east longfitude

sensor no. 1 and sensor no. 6

have overlapping coverage

The number of visible sateliftes In
the overlapping coverage between
sen;gr number 1 and sensor number 6
is

between 241 east longftude
and 266 east longitude

sensor no. 1 and sensor no. 7
have overlapping coverage

between 241 east longitude

and 266 east longitude

sensor no. 1 and sensor no. 7

have overlapping coverage

The number of visible satellijtes in
the overlapping coverage between
sen;or number 1 and sensor number 7
1s 25

between 241 east longitude
and 244 east longitude

sensor no. 1 and sensor no, 8
have averlapping coverage

between 241 east longitude

and 244 east longitude

sensor no. 1 and sensor no. 8

have overlapping coverage

The number of visible satellites in
the overlapping coverage between

<usensor number 1 and sensor number 8

ts 2

between 241 east longitude

and 359 east longitude

sensor no. 1 ard sensor no, 9

have overlapping coverage

The number of visible satellites in
the overlapping coverage between
sen;or numoer 1 and sensor number 9
1s 91

between 325 east longitude

and 350 east longitude

sensor no. 1 and sensor no. 198

have overlapping coverage

The number of visible sateilites in
the overlapping coverage between
sen;or number 1 and sensor number 18
1s 26

between 321 east longitude
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todtr = 796
wkld(p.2) = 156
wkld(p.3) = =36
wkld(p,2) = 159
wkld(p.3) = -39
wk1d(p.2) = 147
wkld(p.3) = =27
wkid(p,2) = 153

- wk1d(p.,3) = 237
wk1d(p,2) = 144
wkid(p,3) = 216
wkid(p.2) = 139
wk1d(p,3) = 221
wk1d(p,2) = 139
wkld(p,3) = =39
wkid(p.2) = 153
wkld(p.3) = =73
wk1d(p,2) = 198
wk1d(p.3) = -118
wk1d(p,2) = 198
wkld(p,3) = ~118

sensor number 1 and
sensor number 1
have no overlapping coverage

between 321 east longitude .

and 359 east longitude

sensor no. 1 and sensor no., 2

have overlapping coverage

The number of visible satellites in
the overlapping coverage between
sen;;r numoer 1 and sensor number 2 -
is .

between 241 east longitude
and 297 east longitude

sensor no, 1 and sensor no. 3
have overlapping coverage

-~ _between 241 east longitude
<uand 297 east longltude

sensor no. 1 and sensor no. 3
have overlapping coverage
The number of visible satellites {n
the overlapping coverage between
sen;?r numder 1 and sensor number 3
is

between 241 east longitude
and 310 east longitude

sensor no. 1 and sensor no. 4
have overlapping coverage

between 241 east longitude

and 319 east longfitude

sensor no. 1 and sensor no. 4

have overlapping coverage

The number of visible satellites {n
the overlapping coverage between
sen;or number | and sensor number 4
1s

sensor number 1 and
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losatn = 234
hisatn = 95

sum = -138
vissat(k,1) = 19
vissat{(k,2) = 126

s = 1

hpsrt(s,2) = 36
npsrti(s,2) = 72
totstri(s,2) = 148

s = 2

hpsrt(s,2) = 37
npsrt{(s,2) = 74
totstri(s,2) = 111

s = 3

hpsrt(s,2) = 33
npsrt{(s,2) = 66
totstri{s,2) = 99

s = 4

hpsrt(s,2) = 35
npsrti(s,2) = 74
totstri(s,2) = 185

s = 5
hpsrt{s,2) = 32
npsrt{s,2) = 64 .
totstri(s,2) = 96
s = 6 -
hpsrt{(s,2) = 38
npsrt(s,2) = 61
totstri(s,2) = 91
s = 7
hpsrti{s,2) = 34
npsrt(s,2) = 6l
totstri(s,2) = 91
e s = 8 .

- ~hpsrt(s,2) = 35
~“npsrt{s,2) = 74
totstris,2) = 185

s = 9

hpsrt(s,2) = 54
npsrt(s,2) = 109
totstr(s,2) = 150

s = 10

hpsrti(s,2) = 50
npsrt(s,2) = 108
totstris,2) = 150

wortr = 1106
nsyvis = 49
nstrsn = 48
tonstr = 480
redtr = 1586
todtr = 7896
dsscap = 1788
diff = 984




sum = 88
vissat(k,l)
vissat(k,2)

k= §
sansor(k, 4)=
sensor(k,5)=
Iwlim = 73
uplim = 183
Josatn = 56
hisatn = 135
sum = 80
vissat{k,l) =
vissat(k,2) =

k » 6
sansor(k,4)=
sensor(k,5)=
Iwlim = 149
uplim = 266
losatn = 117
hisatn = 193
sum = 77
vissat(k,l) =
vissat(k,2) =

k= 7 -

sensori{k,4)=
sensor(k,5)=
Iwlim = 144
uplim = 266
losatn = 117
hisatn = 193
sum = 77

vissat(k,1) =
vissat(k,2) =

% = 8

Ak B B
* » . - \},‘)

sensor(k,4)=
sensor (k ;5=
Twlim = 91
uplim = 244
losatn = 83
hisatn = 178
sum = 88
vissat(k,1) =
vissat(k,2) =

k= 9
sensor(k 4)=
sensor{k,5)=
iwlim = 298
uplim = 8
losatn = 144
hisatn = 4
sum = ~139
vissat(k,}) =
vissat(k,2) =

k = 19

sensor(k,4)=
sensor(k,5)=
Iwlim = 325
uplim = 115

.n
.
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4
88

. 739000090 e+82
.183900890e+23

5
14

.149098898e+03
.266009908e+93

6
77

.1480000908e+23
2660090800 e+03

7
77

.91980080Be+22
244000008 e+03

.2088008008e+23
8.00009909%

9
125

.3250000080e+93
. 11590880 Be+R3
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num = 18
maxsat = 264
nonsyn = 499

27 .89 6.99 294 .82 241,89 359.098 128.99

25.9% 48.69 17.82 321.908 75.80 120.09

) 30.99 35.90 242.18 187 .08 297 .98 128.89
218.989 33.80 253.3% 195.89 319.908 369.29

- 222 .99 35.70 128.68 73.89 183.80 369.8¢9
234.080 28.79 283.7% 149 .08 266.909 360.00

951.99 28.78 283.7%9 120.82 266 .89 190.80

334.90 9.48 167.58 91.88 244.00 8g.29

369.98 42.60 288.5% 208.09. 8.9% 80.29

337.8%9 37.99 49.92 325.92 115.9¢ 8o .09

k = 1

sansor{k,4)s 241900000 e+03

sensor{k,5)= ,35090900%e+d3

Twlfm = 241

uplim = 359

losatn = 169 -
hisatn = 259 :
sym = 9]
vissat(k,l) = ]
vissat(k,2) = 91

k = 2

sensor{k,.4)= .321000000e+03

sensor{k,5)= ,750000080e+P2

Twlim = 321

up1tm = _75 LI
losatn = 230 .

hisatn = 58 ™~~~

sum = -171
vissatik,1l) 2
vissat(k,2) 9

k= 3
sensori{k,4)» 18700000 08e+03
sensor(k ,S5)= _,297800090e+03
iwiim = 187

uplim ~ 297

fosatn = (37

hisatn = 219
sum = 83
vissati{k,1l)
vissat{k,2)

k = &
sensor(
sensor!
Twlim =
uplim = 319
losatn = 139
hisatn = 226

3

= 3
= 83
. 1959008080 a+03
.31090890%a+93

x x
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- print for each sensor, the individual sensor tracking capacit
» the individua) sensor tracking requirement, and the
b difference between the two
= end do loop
* start do loop
* print for each sensor pair the number of satellites visible
- bd to both sensors
hod end do loop
ol end subroutine print
®
23222222 X222 RX2R2 X2 RRR R RRRRR R AR RS2 RRRRRRR R R R R 22 T FFTEy ey
c start subroutine print
subroutfine print(vtssat dsscap,todtr ,num,wkid, ovlp redtr)
Cremecem——— e — e m————— o —————————————— . —m e e c—m—mmm e ————
integer 1,J,num, vissat(lS 3),dsscap,todtr.x,p, wkld(lS 3)
integer g,h,ovip{(24, 23).redtr
o m e i e e e e e e e e e ———————
print*,'sensor no. 1 = Baker-Nunn, St Margarets’
print*, 'sensor no. 2 = Baker-Nunn, San Vito’
print*, 'sensor no. 3 = Baker-Nunn, Edwards’
print*, 'sensor no. 4 = GEODSS, Soccoro®
print*,’'sensor no. 5 = GEODSS, Korea’
print*,*sensor no. 6 = GEODSS, Maui °
print*,'sensor no. 7 = MOTIF, Maui’
print*®, 'sensor no. 8 = Radar, Altair®
print*,*sensor no. 9 = Radar, Milistone’
print*,'sensor no. 18= Radar, Pirincilitk®
print*,‘sensor no. 11= GEODSS, Diego Garcia®
print*, 'sensor no. 12= GEODSS, Portugale
print*
print*,'Number of synchronous satellites visible to each sensor’
print®
print*,'Sensor number Number of satellites’
do 118 { = ]1,.num
print»
print 30,(vissat(,)) J=1.2)
39 format (* °*,16,21X%X,16
119 continue
c ™ end do loop
Print*,'Combined Deep Space Track Capacity = °',dsscap
print*"Tota\ Deep Space Track Requirement = °*,todtr
print*
print*,'Total Redundant Track Requirement = °’,redtr
print*
print*, ‘Yvorkload Distribution’
Print*
do 128 x = 1,.num
Print*,'Sensor number No. of Required Tracks Differe
print 49, (wkldix,pl),p = 1,3)
Ap format (* °*,16,21X,16,12X,16)
129 continue
) print*
. print*,‘overlap visibility array’
. do 138 g = 1l.num
R . print 59, (ovipl{g,h),h = 1,num)
0 59 format (' ' ,2815)
»_ 139 cont tnue
c end do loop
end
end subroutine print
I-' LA AR R dR2R 222X 2R 2 R 222 2 22 2 R R R0 R SRR T X R R R R RV R R Ry SRR g vy
."~ LA R 2222222 ER 22X 2 R A 2 2 R R R0 R T R 3 R R R BrR g g gl g g ugr g g U R RV g SR e
)




go to 245

end {f

hisatn = ¢t
print*
print*,
print*,’and’',high,’east longitude’

‘between’,low, 'east longitude’

print*
. print*
end {f
{f (n .eq. # .and. t .eq. #) then
ovip(k,b) = &

*sensor no.’,k,'and sensor no.’',b
'have overlapping coverage'®

;" - print*
. print*, *sensor number’,k,'and’
{ print*,’sensor number’,b e
print*,’have no overlapping coverage’ e
end {f .
2508 if {n .ne. & .,and. t .ne. @) then -

sum = hisatn - losatn + 1
if (sum .1t. @) then
sum = &
sum = hisatn + (maxsat - losatn + 1) e
ovip(k,b) = sum
else e
ovip(k,b) = sum
end {f S
print*,'The number of visible satellites in’ e
print*,'the overlapping coverage between’ A
’

print*,’sensor number’,k,’'and sensor number’
print*,*is’,ovipik,b)
end §f
149 continue
139 continue
end .
erd subroutfne ovrlap
(P22 EXX2E2EXZ2222 222 2222222222222 22X 2222 222222222222 222 2R 2 2 003

(2222 322222 AR 2R RREZEREREERRREER2R 22 2R 22 2222 28R 82 R X2 2 2O X
2T Z2EXXAEYIZE 2222222222 2Rl Ad X222 23 A2 X2 2AX2XR 32X 2 222 2 X222 2 22 2
*subroutine print

* This subroutine will print the data calculated by program

L dssnef.

.'I.";’tﬁlqfﬂﬁi‘t‘ﬁti‘it*‘iiﬁl*it*.it*t*!i'*i**.*ttt‘*'*i.i*ti*.ﬁ*i*ttt

» - & .

*LOCAL VARIABLES 4 -
* Type: Integer : RN
* 1,3 matrix row and column counter e
* -

» g.h matrix row and column counter

»

* X sensor counter

»

® P colunm counter for wkld matrix .
»

IZXE3 2R REXE 222 2RRd R ittt 23222 dRdX2 a2 Rt R)
»

*ALGORITHM DEVELOPEMENT L
»

[
.

print the combined deep space sensor tracking capacity
print the combined deep space satellite tracking requirement
start do loop

Y
A
cletel s

.

» start subroutine print

hd print sensor numbers and sensor names

* start do loop o
- print number of synchronous satellites visible to each sensor R
bod end do loop >

-

-

-

» / 'l' ‘l ',l -"

-
.
»
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end {f

losatn = n

t = maxsat

1f (high .1t. synsat{t,2)) then
1

end If

hisatn = ¢

print*

print*, 'between’,low, 'east longitude’
print*,’and’,high,‘east longitude*
print*,‘'sensor no.’,k,’'and sensor no.',b
print*,'have overlapping coverage’

end If
1f (Iwlim .eq. lwbord .and. uplim .eq. upbord

.and. sensor(k.l) .ne. sensor{(b,l1}) then
n =1
low = Iwlim
high = uplim
if (high .ge. 369) then
high = high - 368

end {f

1f (low .gt. synsat{n,2)) then
n=n+1
go to 238

end {f

losatn = n
t = maxsat
if (high .1t. synsat{(t,2)) then

go to 249
end {f
hisatn = ¢t
N print*
print*,'between’, low,'east longitude"’
print*,’and’ ,high,'east longitude’
print*,'sensor no.’',.k,’and sensor no.',b
print*,'have overlapping coverage’
end {f
tf (n .ne. & .and. t .ne. #) then N
go to 2549
end (f

h = uplim -~ 362
1f (uplim .gt. 36¢ .and. Iwbord .1t. h) ilhen
iwbord = 1wbord + 368
end {f
tf (lwbord .1t. uplim .and. lwbord .gt. lwlim) then
n =
low = lwbhord
high = uptlim
i1f (high .ge. 368) then
high = high - 368
end {f

If (low .ge. 362) then
low = low ~ 368

end {f

tf (low .gt. synsat(n,2)) then
nwn+1
go to 242

end {f

losatn = n

t = maxsat

if (high .1t. synsat(t,2)) then
t=t -1
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189

199

299

218
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end {f
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print*

print*,between’,low, 'east longitude’
print®,’and’,high,’'east longitude’
print*, 'sensor no.',k,'and sensor no.',b
print*,'have overlapping coverage’

if (upbord .gt. 1wlim .and. upbord .1t. uplim) then
1

end {f

n =

Tow = 1wlim

high = uypbord

if { high .ge. 368) then
high = high - 368

end {f

if {(low .gt. synsatin,2)) then
nen+ 1
go to 1798

end If

losatn = n
t = maxsat
if (high .1t. synsat(t,2)) then

t =t -
go to 188
end {f
hisatn = ¢
print*

print*,'between’, low, 'east longitude’
print*,’and’,high,’east longitude’
print®,’*sensor no.’,k,’'and sensor no.',b
print*,'have overlapping coverage’

-

1f {lwbord .gt. Iwlim .and. upbord .1t. uplim) then

end {f

n s 1

Jow = lwbord

high = upbord

1f (high .ge. 368) then
high = high - 362

end {f
tf (low .gt. synsati(n,2)) then
nsn+
go to 199 N
end if

fosatn = n
t = maxsat
if (high .1t. synsat(t,2)) then

end {f

hisatn = ¢t

print*

print*, ‘between’,low, 'east longitude’
print*,'and’,high,’east longitude’
print*,'sensor no.’,k,'and sensor no.’',b
print*,*have overlapping coverage’

tf (lwlim .gt. Iwbord .and. uplim .1t. upbord) then

P T e
CSACTL CNAE

n =1

low = Jwlim

high = yplim

1f (high .ge. 369) then
high = high - 368

end {f
1f (low .gt. synsat(n,2)) then
n=n+1
go to 219
R N T R T e
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. have no over lapping coverage

between 149 east longitude

and 183 east longlitude

sensor no. 5 and sensor no. 6

have overlapping coverage

The number of visible satellites in
the overlapping coverage between
sensor number 5 and sensor number 6
1s 19

petween 147 east longftude

and 183 east longlitude

sensor no. 5 and sensor no. 7

have overlapping coverage

The number of visible satellites {n

the overlasping coverage between

sensgr number 5 and sensor number 7 !
1s 1

between 91 east longitude

and 183 east longftude

sensor no. 5 and sensor no. 8

have overlapping coverage

The number of visible satellftes fn
the overlapping coverage between
sen;or numoer 5 and sensor number 8
is 53 .

sensor number 5 and
sensor number 9 -
have no overlapping coverage

between 73 east longlitude

and 115 east longitude

sensor no. 5 and sensor no. 17

have overlapping coverage

The number of visible satellites 1In

the overlapping coverage between

sensor number 5 and sensor number 14

1s 4AF L YN

<vbetween 241 east longitude
and 266 east longitude
sensor no. 6 and sensor no. 1
have overlapping coverage
The number of visible satellites in
the overlapping coverage between
sen;or number 6 and sensor number 1
is 25

sensor number 6 and
sensor number 2
have no overlapping coverage

between 187 east longitude

and 266 east longitude

sensor no. 6 and sensor no. 3

have overlapping coverage

The number of visible sateliites fin
the overlappina coverage between
senggr numder 6 and sensor numbe. 3
is




between 195 east longitude
and 266 east longitude

sensor no. 6 and sensor no. 4
have overlapping coverage

The number of

visible satellites in

the overlappfing coverage between

sensor number
is 55

6 and sensor number 4

between 149 east longitude
and 183 east longiftude

sensor no. 6 and sensor no. 5
have overlapping coverage

between 140 east longitude
and 183 east longf{tude

sensor no. 6 and sensor no. 5
have overlapping coverage

The number of

visible satellites in

the overlapping coverage between

sensor number
is 19

sensor number
sensor number

6 and sensor number 5

6 and
6

have no overlapping coverage

between 149 east longitude
and 266 east longltude
sensor no. 6 and sensor no. 7

have overlapping coverage

The number of

visible satellites in

the overlapping coverage between

sensor number
is 77 -

6 and sensor number 7

between 149 east longitude
and 244 east longftude

sensor no. 6 and sensor no. 8
have overlapping ~overage

~.between 149 east longitude

~%3nd 244 east longitude
sensor no. 6 and sensor no. 8
have overlapping coverage

The number of

visible satellftes fin

the overlapping coverage between

sensor number
ts 54

6 and sensor number 8

between 228 east longitude
and 266 east longitude

sensor no. 6 and sensor no. 9
have overlapping coverage

The number of

visible satellites (n

the overlapping coverage between

sensor number
is 58

sensor number
sensor number

& and sensor number 9

6 and
19

have no overlapping coverage

between 241 east longlitude

e

b

.
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and 266 east longitude

sensor no. 7 and sensor no. |

have overlapping coverage

The number of visible satellites {n
the overlapping coverage between
sensor number 7 and sensor number 1
is 25

sensor number 7 and
sensor number 2
have no overlapping coverage

between 187 east longitude

and 266 east longitude

sensor no. 7 and sensor no., 3

have overlapping coverage

The number of visible sateliites in
the overlapping coverage between
sensor numder 7 and sensor number 3
is 57

between 195 east longttude

and 266 east longitude

sensor no. 7 and sensor no. 4

have overlapping coverage

The number of visible satellites iIn
the overlapping coverage between
sensgr number 7 and sensor number 4
is 5

between 145 east longftude
and 183 east longftude

sensor no. 7 and sensor no. 5
have overlapping coverage

between 149 east longitude

and 183 east longitude

sensor no. 7 and sensor no. S5

have overlapping coverage

The number of visible satellites In
the overlapping coverage between
sensor number 7 and sensor number S

~.:ds 19

between 149 east longftude

and 266 east longitude

sensor no. 7 and sensor no. 6

have overlapping coverage

The number of visible satellites In
the overlapping coverage between
sensor number 7 and sensor number 6
i1s 77

sensor number 7 and
sensor numbder 7
have no overlapping coverage

between 140 east longitude
and 244 east longftude

sensor no. 7 and sensor no. 8
have overlapping coverage

between 140 east longfitude
and 244 east longitude
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sensor no. 7 and sensor no. 8

have overlapping coverage

The number of visible satellites In
the overlapping coverage between
sensor number 7 and sensor number B
is 54

between 208 east longftude

and 2656 east longitude

sensor no. 7 and sensor no. 9

have overlapping coverage

The number of visible satellites In
the overlapping coverage between
sensor number 7 and sensor number 9
1s S9

sensor number 7 and
sensor number 1@
have no overlapping coverage

between 241 east longitude

and 244 east longfitude

sensor no. B and sensor no. 1

have overlapping coverage

The number of visible sateliiftes 1n
the overlapptng coverage between
sen;or number 8 and sensor number 1
is .

sensor number 8 and
sensor number 2 -
have no overlapping coverage

between 187 east longitude

and 244 east’ longitude

sensor no. 8 and sensor no. 3

have overlapping coverage

The number of visible satellites in

the overlapping coverage between

sensor number 8 and sensor number 3

1s 34 N,

<patween 195 east longitude
and 244 east longfltude
sensor no. 8 and sensor no. 4
have overlapping coverage
The number of visible satellites in
the overlapping coverage between
sen;gr number 8 and sensor number 4
is

between 91 east longitude

and 183 east longitude

sensor no. 8 and sensor no. 5
have overlapping coverage

between 91 east longlitude

and 183 east longitude

sensor no. 8 and sensor no. §

have overlapping coverage

The number of visible satellites in
the overlapping coverage between
sen;gr number 8 and sensor number §
is
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<uand 8 east longltude

between 1449 east longftude

and 244 east longltude

sensar no. 8 and sensor no. 6

have overlapping coverage

The number of visible satellites in
the overlapping coverage between
sensor number 8 and sensor number 6
is 54

s
A
:
-
4

between 149 east longftude

and 244 east longitude

sensor no. B and sensor no. 7

have overlapping coverage

The number of visible satelilfites {n
the overlapping coverage between
sen;or number 3 and sensor number 7
is 54

sensor number 8 and
sensor number 8
have no overlapping coverage

between 298 east longtitude

and 244 east longitude

sensor no. 8 and sensor no. 9

have overlapping coverage

The number of visible satellites in
the overlapping coverage between
san;gr number 3 and sensor number 9
i1s

between 91 east longitude

and 115 east longitude

sansor no. B .and sensor no. 14

have overlapping coverage

The number of visible sateilites in
the overlapping coverage between
sen?gr number 8 and sensor number 14
is

between 241 east longitude N

sensor no. 9 and sensor no. 1
have overlapping coverage

between 288 east longitude
and 350 east longitude

sensor no. 9 and sensor no. 1
have overlapping coverage

between 241 east longitude

and 350 east longltude

sensor no. 9 and sensor no. 1\

have overlapping coverage

The number of visible satellites in
the overlapping coverage between
sensaor number 9 and sensor number 1}
i1s 91

batween 321 east longitude

and 8 east longitude

sensor no. 9 and sensor no. 2

have overlapping coverage

The number of visible satellites .in
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the overlapping coverage between
senscir number 9 and sensor number 2
1s 39

. between 208 east longitude
and 297 east longitude
sansor no. 9 and sensor no. 3
have overlapping coverage

between 208 east longitude
and 297 east longitude
sensor no. 9 and sensor no. 3
> have overlapping coverage

The number of visible satellites In
the overlapping coverage between

{ sen;or number 9 and sensor number 3
{s 76

between 228 east longitude
and 319 east longitude

sensor no. 9 and sensor no. 4
have overlapping coverage

« between 208 east longitude
and 3197 east longitude
sensor no. 9 and sensor no. 4
have overlapping coverage
The number of visible satellites in
the overlapping coverage between
sensor number 9 and sensor number 4
is 83 -

i sensor numder 9 and
sensor numder 5
have no overlapping coverage

between 228 east longftude
and 266 east longitude

sensor no. 9 and sensor no. 6§
have overlapping coveraga

I =~ . between 288 east longitude

"and 266 east longitude

sensor no. 9 and sensor no. 6

have overlapping coverage

The number of visible satellites (n
the overlapping coverage between
sen;;r number 9 and sensor number 6
is

4
X

between 208 east longlitude
and 266 east longftude

. sensor no. 9 and sensor no. 7
have overlapping coverage

between 208 east longitude

and 266 east longfitude

sensor no. 9 and sensor no. 7

have o’/erlapping coverage

The number of visible sateilites in
the overlapping coverage between
sen;or numder 9 and sensor numbe: 7
ts 59




between 208 east longitude
and 244 east longitude

sensor no. 9 and sensor no. 8
have overlapping coverage

between 208 east longitude

and 244 east longitude

sensor no. 9 and sensor no. B

have overlapping coverage

The number of visible satellites in
the overlapping coverage between
sensor number 9 and sensor number 8
1s 27

sensor number 9 and
sensor number 9
have no overlapping coverage

between 325 east longitude

and 8 east longitude

sensor no. 9 and sensor no. 10

have overlapping coverage

The number of visible satellites in
the overlapping coverage between
sensor number 9 and sensor number 18
is 35

between 325 east longitude

and 350 east longitude

sensor no. l# and sensor no. 1

have overlapping coverage hd
The number of visible satellites in
the overlapping coverage between
sensor number 19 and sensor number 1
ts 26

" between 325 east longitude
and 75 east longftude
sensor no. 19 and sensor no. 2
have overlapping coverage
The number of visible satellites {n
~the overlapping coverage between
~¢"Eensgr number 1@ and sensor number 2
is 8

sensor number 1@ and
sensor number 3
have no overlapping coverage

sensor number 1@ and
sensor number 4
have no overlapping coverage

between 73 east longttude

and 115 east longitude

sensor no. 194 and sensor no. S

have overlapping coverage

The number of visible satellites {n
the overlapping coverage between
sensgr numder 1@ and sensor number 5
is 4

sensor number 19 and
sensor number 6




have no overlapping coverage

sensor number 19 and
sensor number 7
have no overlapping coverage

between 91 east longi{tude
and 115 east longfitude

. sensor no. 19 and sensor no. 8
have overlapping coverage
The number of visible satellites {n
the overlapping coverage between
sensor number 1@ and sensor number 8
is 13

between 325 east longitude

and 8 east longltude

sensor no. 1% and sensor no. 9

have overlapping coverage

The number of visible satellites in
the overlapping coverage between
sensor number 18 and sensor number 9
is 35

sensor number 18 and

sensor number 18
have no overlapping coverage

(‘:‘1{*




APPENDIX C

SATELLITE DISTRIBUTION FILE




1.09
2.949
3.0
4.99
5.90
6.99
7.99

8.00

9.00
19.80
11.09
12.09
13.00
14.020
15.29
16,00
17.89
18.99
19.80
20.00
21.900
22.90
23.900
24.09
25.900
26.99
27.09
28.99
29.99
39.99

1.99
3.49
4.79
6.19
10.48
11.40
11.79
13.99
14.58
14.78
21.19
21.39
21.89
23.38
24.89
25.24
27 .40
31.68
33.40
34.30
34.78
39.60
AQ.20
42.108
44.99
47 .78
48.38
50.20
50.59
52.80
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31.909 52.80
32.00 53.59
33.00 56.0
34.00 57.10
35.00 58.69
36.00 58.780
37.900 59.50
38.00 59.50
39.909 60.50
42.89 6:.50
41.99 6:.80
42.80 62.20
43.09 62.90
44.99 62.99
45.00 64.68
46.989 65.20
47.09 65.70
48.90 66.740
49.989 66.80
59.490 67.00
51.90 67.20
52.909 67.40

53.00 70.89
54.90 7:.99 :
55.99 2.6 -
56.90 73.90

57.99 74.28
58.99 74.58
59.00 75.39 X
69.09 75.4% ‘ T
61.00 75.83 T
62.99 75.89 :
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63.99
64.900
65.09
66.00
67.04
68.99
69.949
79.88
71.08
72.99
73.09
74.99
75.949
76 .09
77 .89
78.0¢9
79.99
80.88
81.900
82.09
83.990
84.09
85.0%
86.90
87.00
88.99
89.99
99.09
91.08
92.09
93.09
94.88

76 .00
79.90
79.99
80.80
81.349
8..908
82.40
82.60
83.449
83.70
83.70
83.79
85.39
85.40
85.78
85.80
89.748
99.18
99.10
99.60
82.89
94.80
98.30
99.49

160.00

1922.80
194.20

194.68

185.0890

196.99

187.78

199.59
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95.99
96.00
97 .94
98.40
99.09
100.99
101.90
192.982
103.902
104.89
105.92
106.99
197.9292
1908.909
1909.99
119.98
111.92
112.00
113.00
114.09
115.90
116.09
117.80
118.00
119.09
120.09
121.080
122.00
123.99
24.092
125.49
126.09

114
11

[ 341

116
118
122
122
123
124
125
126
126
127
128
13L
13L
132
135
135
13¢
139
139
139
149
145
146
150
183
157
159
160
163
164

.38
.80
.79
.59
.19
.59
.28
.89
.09
.39
.98
.49
.40
.59
.99
.78
.09
.39
.99
.28
.49
.99
.49
.28
.40
.20
.80
.98
.89
.38
.50
Y.
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127.89
128.00
129.99
132.99
131.00
132.99
133.08
134.90
135.09
136.99
137.99
138.09
139.099
149.00
141.09
142.909
143.909
144.08
145.00
146.09
147 .99
148.092
149.99
150.89
151.09
152.089
153.99
154.93
155.980
156.9009
157.02
158.949

165.39
167 .99
17..28
174 .00
174.60
176.28
178.38
178.90
179.58
186.99
189.99
193.99
196.80
196.89
199.99
29..58
283.249
210.889
214.99
214.99
217 .00
218.00
220.64
229.80
220.90
22..38
225.08
225.30
225.40
225.90
226.780
228.28
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159.00
162.00
161.90
162.99
163.09
164.90
165.00
166.09
167.99
168.99
169.02
179.09
171.99
172.89
173.09
174.00
175.99
176.09
177.89
178.09
179.09
180.99
181.09
182.08
183.09
184.09
185.909
186.909
187.99
188.09
189.09
199.09

228.79
229.88
229.3¢€
229.79
230.59
230.90
232.990
233.6%
237 .09
239.99
241 .60
242.49
245.89
245.99
249.;5
249.54
250.99
253.00
253.18
254.40
254.79
254.79
254.78
254 .80
255.1%
255.409
258.649
259,90
260.19
2640.39
260.39
260.990
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191.90

;: 192.99
193.909
h 194.99
i . 195.9%
196.909
197.89

198.90¢0
199.900
208 .09
201.99
292.98
203.80
294.909
205 .89
206.92
207 .09
208.9090
209.09
218,08
211.49%2
212.89
213.90
214,99
- 215.9009

216.09
;f 217 .80
218.9¢0
:: | 219.09
229.08

221.90
é 222.908
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